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3D	 	 	 three-dimensional	
ACLT		 	 	 anterior	cruciate	ligament	transsection	
CT	 	 	 computed	tomography	
DOF	 	 	 degrees	of	freedom	
FOV	 	 	 field	of	view	
GRF	 	 	 ground	reaction	force	
HU	 	 	 Hounsfield	Unit	
ID	 	 	 inverse	dynamics	
IK	 	 	 inverse	kinematics	
kV	 	 	 kilovoltage	
L	 	 	 lateral	
LCS	 	 	 local	coordinate	system	
mAs	 	 	 milliampere-seconds	
MPR	 	 	 multi-planar	reconstruction	
MRI	 	 	 magnetic	resonance	imaging	
MSM	 	 	 musculoskeletal	model	
M	 	 	 medial	
N	 	 	 Newton	
N/A	 	 	 not	available	
OC	 	 	 osteochondrosis	
PMMA		 	 polymethylmethacrylate	
PSCA	 	 	 physical	cross	sectional	area	
ROI	 	 	 region	of	interest	





























Bones	 provide	 a	 solid	 structure	 for	muscle	 attachment	 and	 protect	 the	most	 vital	
organs.	 Bones	 are	 also	 made	 of	 living	 cells	 that	 function	 like	 an	 organ,	 whose	
structure	 continually	 changes,	 and	 adapts	 to	 current	 needs.	Mature	bone	 tissue	 is	
composed	 of	 60–70%	mineral	 substance	 and	 30–40%	 organic	matrix,	 mainly	 (85–
90%)	type	I	collagen	fibrils.	The	osteoblasts	are	the	main	cells	responsible	for	bone	
formation	 and	 secrete	 important	 constituents	 of	 the	 extra-cellular	 matrix	 (ECM).	
Calcium	hydroxyl	apatite	crystals	are	deposited	within	the	triple	helix	of	the	collagen	
type	 I	 fibrils	 1.	 The	 mineral	 substance	 does	 not	 only	 have	 a	 biomechanical	 role	
(strength),	 it	 also	 has	 an	 important	 metabolic	 role	 (mineral	 homeostasis	 and	
reservoir	function	for	many	different	ions)	2.		
	
The	 mechanical	 loads	 and	 associated	 strains,	 help	 to	 control	 and	 guide	 bone	
morphology	3.	This	response	to	bone	strains	not	only	dictates	general	bone	anatomy,	
it	 also	 allows	 for	 adaptations	 to	 changes	 in	 loading.	 The	 adaptations	 are	 done	








are	mechanosensitive	 4.	 The	 conversion	of	 a	mechanical	 stimulus	 to	 into	a	 cellular	
response	 is	called	mechanotransduction	5.	The	four	 important	cells	 in	bone	include	
(1)	osteoclasts,	which	are	of	hematopoietic	origin	and	resorb	bone,	(2)	osteoblasts,	
mesenchymal-derived	 and	 form	 bone,	 (3)	 terminally	 differentiated	 osteoblasts	
embedded	in	the	bone,	called	osteocytes,	and	(4)	the	mesenchymal	stem	cell	(MSC),	
which	 are	 the	 osteoprogenitor	 cells	 4.	 These	 cells	 can	 detect	 mechanical	 signals	
independently	and	interact	with	each	other	through	different	pathways	to	regulate	





information	 cells	 4.	 On	 a	 cell	 level,	 the	 surface	 proteoglycan	 layer	 is	 the	 primary	








The	subchondral	bone	plate	 is	defined	as	 the	bony	 lamella	 immediately	below	 the	
calcified	articular	cartilage.	The	line	separating	these	two	structures	is	known	as	the	
‘cement	line’.	At	the	level	of	the	cartilage,	a	second	line	i.e.	the	‘tidemark’	separates	





The	 subchondral	 bone	 plays	 an	 important	 role	 in	 the	 transfer	 of	 loads	 across	 the	
joint	 surface.	 Thus,	 the	 morphology	 of	 the	 subchondral	 bone	 is	 dictated	 by	 the	
compressive	 forces	 acting	 upon	 it.	 As	 in	 all	 bones,	 the	 structure	 is	 continually	
adapted	to	current	needs.	At	the	level	of	the	joints,	these	needs	are	predominantly	
the	 transduction	 of	 (compressive)	 forces	 from	 the	 proximal	 to	 the	 distal	 bones	
forming	 a	 specific	 joint	 9,8.	 These	 forces	 give	 rise	 to	 local	 strains	 and	 stresses	 and	
induce	modelling	and	remodelling	of	the	subchondral	bone,	as	discussed	above.	
	
The	 thickness	 of	 the	 subchondral	 bone	 plate	 varies	 among	 joint	 and	 has	 regional	
















𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑖𝑡𝑠𝑒𝑙𝑓 	
	
The	difference	between	these	two	density	measures	is	geometrical,	and	is	due	to	the	
presence	of	pores	 13,14.	 The	biomechanical	properties	of	 the	 subchondral	bone	are	
characterized	 by	mineral	 density,	 collagen	 content,	 and	 ash	 fraction	 14.	 In	 general	
subchondral	 bone	 density	 can	 be	 adapted	 by	 changing	 the	 apparent	 density,	 the	
material	 density,	 or	 a	 combination	 of	 both.	 These	 biomechanical	 properties	 can	
change	through	modeling	and	remodeling	of	the	articulating	bones,	guided	by	local	
strains	 7,15.	 The	 material	 properties	 are	 tissue	 level	 properties	 and	 by	 definition	
independent	of	the	size	of	the	bone	14.	
	
Increased	 joint	 loading	 leads	to	 increased	 local	strains	and	bone	modelling	ensures	
an	 increase	 in	subchondral	bone	density	 to	withstand	 the	 increased	 loading	 3,16.	 In	
addition,	altered	joint	biomechanics	lead	to	altered	joint	loading	distribution,	leading	
in	turn	to	alterations	in	the	subchondral	bone	density	distribution	17,18.	This	ability	to	











of	 intra-articular	pressure	films	19.	 Invasive	(in	vitro)	methods	to	study	joint	 loading	
include	the	description	of	pressure	distribution	and	contact	areas	on	cadavers	20,21.	
However,	 these	 techniques	 require	 a	 certain	 degree	 of	 dissection,	 which	 will	
ultimately	alter	 the	 joint	kinematics.	As	demonstrated	 in	humans,	 the	 subchondral	
bone	 density	 distribution	 is	 highly	 correlated	 with	 joint	 loading	 and	 reflects	 the	




The	 subchondral	 bone	 density	 distribution	 can	 be	 evaluated	 non-invasively	 using	
computer	tomographic	osteoabsorptiometry	(CTOAM)	9,18,23.	 It	 is	 important	to	note	
that	 the	 density	 evaluation	 using	 CT	 images	 is	 based	 on	 apparent	 density.	 The	
formation	 of	 CT	 images	 is	 based	 on	 tissue	 attenuation	 and	 is	 therefore	 a	
representation	of	both	the	material	density	and	material	porosity.		
	
For	 the	 description	 of	 bone	 porosity,	 MRI	 techniques	 evaluating	 differences	 in	
mobile	and	bound	water	can	be	used	24,25.	Mobile	water	consists	of	hydrogen	atoms	





van	der	Waals	 interactions.	These	differences	 in	 relaxation	 time	allow	both	mobile	
and	bound	water	to	be	imaged	using	MRI	24.	
	
The	 subchondral	 bone	 density	 distribution	 can	 be	 visualized	 and	 quantified	 using	
computer	tomographic	osteoabsorptiometry	(CTOAM)	18,22,23.	The	CTOAM	workflow	












reconstructed	 in	 exactly	 the	 same	 orientations.	 The	 maximum	 bone	 density	 is	








representing	 a	 colour.	 In	 descending	 order	 these	 colours	 are	 black,	 dark	 red,	 light	
red,	 orange,	 yellow,	 dark	 green,	 light	 green,	 dark	 blue,	 light	 blue,	 and	white.	 This	








Specifically	 for	 the	 evaluation	 of	 the	 subchondral	 bone	 density	 distribution	 of	 the	
canine	talus,	two	different	views	are	reconstructed.	A	proximal	view	is	reconstructed	
first,	 and	 the	 distal	 view	 is	 obtained	 by	 tilting	 the	 proximal	 view	 backwards	
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Osteochondrosis	 is	 a	 multifactorial	 condition,	 in	 which	 diet,	 genetics,	 and	
biomechanics	play	a	role.	A	disruption	in	the	enchondral	ossification,	the	process	of	
cartilage	turnover	into	bone,	is	considered	to	be	the	main	pathogenesis	of	canine	OC	










canals.	 B)	 Focal	 interruption	 of	 the	 cartilage	 canal	 vessels	 leading	 to	 avascular	










the	 development	 of	 canine	 osteochondrosis.	 Similar	 to	 humans,	 a	 mismatch	 in	
biomechanical	properties	can	be	the	start	of	a	cascade	leading	to	the	development	
of	osteochondrosis	lesions	7,8.	In	pigs	it	has	been	found	that	the	location	of	cartilage	





the	 condition	 progresses,	 a	 subchondral	 bone	 defect	 and	 cartilage	 flap	 develop,	
which	can	 lead	to	a	 loose	fragment.	At	this	stage	the	condition	 is	commonly	called	
osteochondrosis	dissecans	1.	
	











affected	 in	 about	80	%	of	 the	 cases	 and	 the	 lateral	 trochlear	 ridge	 in	 about	20	%.	
Additionally,	 the	 medial	 malleolus	 (tibia)	 can	 also	 be	 affected	 13-15.	 The	 trochlear	
ridges	can	be	divided	into	proximal,	dorsal,	and	distal	parts	(Figure	3).	Most	lesions	














Figure	 2.	 Dorsal	 view	 of	 the	
tarsocrural	 joint.	 Distal	 tibia	 (1),	
distal	 fibula	 (2),	 lateral	 malleolus	
(3),	 medial	 malleolus	 (4),	 lateral	
trochlear	ridge	(5),	medial	trochlear	
ridge	(6),	talus	(7),	calcaneus	(8),	Os	




proximale	 (16),	 Phalanx	 mediale	






Due	to	the	complexity	of	 the	tarsocrural	 joint,	 the	diagnosis	and	treatment	 is	often	














Early	 diagnosis	 leads	 to	 an	 early	 surgical	 treatment,	 which	 possibly	 improves	 the	
long-term	prognosis	21.	Comparable	with	the	Berndt	and	Harty	classification	used	in	






Symptoms	 that	 are	 often	 seen	 include	 hind	 limb	 lameness,	 pain,	 swelling	 and	
decreased	range	of	motion	of	the	tarsal	joint,	especially	in	young	large	breed	dogs	21.	
When	trauma	is	present	in	the	history,	fragmentation	of	the	lateral	talar	ridge	should	
be	 included	 in	 the	 differential	 24.	 These	 avulsion	 fractures	 of	 the	 ligamentum	
collaterale	 tarsi	 laterale	 breve,	 pars	 talofibularis	 cause	 osteochondral	 defects,	











joint	 26.	 Forced	 flexion	or	extension	 can	be	painful,	 and	 increased	 lameness	 can	be	
seen	after	joint	flexion	13,14.	In	some	cases	crepitation	can	be	felt	12.	In	chronic	cases	










The	 projections	 used	 to	 evaluation	 the	 tarsocrural	 joint	 include	 the	 mediolateral,	
dorsoplantar,	 dorsolateral-plantaromedial	oblique,	 and	dorsomedial-plantarolateral	
oblique	 projection	 10,13.	 The	 oblique	 projections	 are	 best	 taken	 in	 flexion	 and	
extension	 21.	A	 third	oblique	projection,	a	dorsoplantar	projection	with	 the	 joint	 in	
flexion,	with	an	angle	of	10-15	degrees	to	the	X-ray	beam	can	also	be	useful	(Figure	



















The	 medial	 trochlear	 ridge	 and	 medial	 malleolus	 can	 be	 visualised	 best	 on	 the	




on	 the	 lateral	 trochlear	 ridge	 28.	Even	with	all	 six	projections,	 subtile	 lesions	on	 the	









Mineralized	 cartilage	 fragments	 in	 the	 tendon	 sheath	 of	 the	 deep	 digital	 flexor	




of	 the	 medial	 trochlear	 ridge	 and	 subchondral	 bone	 erosion	 13,14.	 In	 most	 cases,	
subchondral	bone	sclerosis	 is	also	present,	 in	addition	to	soft	tissue	swelling	on	the	
medial	 side	of	 the	 tarsocrural	 joint	 12,26.	 In	addition,	 loose	 fragments	 (Figure	7)	and	
osteophytes	 can	 be	 seen	 12,14.	 In	 very	 early	 stages	 it	 is	 possible	 no	 degenerative	




medial	 part	 of	 the	 tarsocrural	 joint.	 In	 later	 stages,	 osteoarthrosis	 can	 be	 seen	
throughout	the	entire	tarsal	joint	12,13.	However,	even	when	these	typical	changes	are	











subchondral	 sclerosis	of	 the	 trochlear	 ridge,	 a	 subchondral	 radiolucent	area	 can	be	




mineralized	 flap	can	be	seen,	whilst	 in	younger	animals	 the	 flap	 is	often	not	visible	
and	only	the	filling	of	the	defect	can	be	seen	12.		
	
Compared	 to	OC	 in	 the	shoulder	 joint,	degenerative	changes	occur	much	sooner	 in	
the	tarsal	 joint	26.	Even	after	surgical	treatment,	the	degenerative	changes	continue	






radiographical	 examination	 is	 inconclusive	 18,31.	 The	 use	 of	 CT	 eliminates	 the	
superposition	of	bony	structures	and	provides	a	better	visualization	of	the	lesions.	In	
addition,	more	lesions	can	be	detected	compared	to	radiography,	and	the	size,	exact	
location	 (Figure	 8),	 and	 fragmentation	 of	 the	 medial	 malleolus	 can	 be	 evaluated	





can	be	evaluated	on	 the	 transverse,	and	 reformatted	 images	 (Figure	8)	 in	different	
anatomical	planes	18.	This	provides	valuable	treatment	information	and	can	be	used	
to	decide	on	the	surgical	approach	18,31.	Using	reformatted	images,	the	joint	congruity	








line	 (1)	 indicates	 the	 location	of	 the	 transverse	CT	 image	 (B),	 line	 (2)	 incidates	 the	




















of	 the	 articular	 cartilage	 can	 be	 seen	 as	 changes	 in	 signal	 intensity	 and/or	
morphology	 33.	 An	 increase	 or	 decrease	 in	 the	 amount	 of	 water	 in	 the	 articular	
cartilage,	 due	 to	 inflammation	 or	 other	 causes,	 influences	 the	 signal	 intensity.	
Cartilage	defects	can	be	visible	as	irregularities	at	the	surface	of	the	joint	cartilage	33.	







The	 remaining	 25	%	 is	 located	 at	 the	 proximal	 part	 of	 the	 trochlear	 ridges	 35.	 The	
evaluation	of	the	cartilage	is	difficult,	but	because	all	dogs	with	tarsocrural	OC	also	
have	 lesions	 of	 the	 subchondral	 bone,	 or	 have	 cartilage	 fragments	 present,	 the	
evaluation	of	the	cartilage	itself	is	less	important	20,35.	In	the	diagnosis	of	tarsocrural	
OC,	 the	 use	 of	 ultrasound	 has	 been	 limited,	 and	 the	 clinical	 application	 remains	






Findings	on	cytology	of	 the	synovial	 fluid,	 suggesting	secondary	osteoarthrosis	due	




















to	 evaluate	 the	 size	 and	 localisation	 of	 the	 OC	 lesions.	 Defects	 can	 be	 seen	 on	
arthroscopy	 earlier	 then	 on	 radiography,	 because	 the	 latter	 shows	 the	 secondary	
bony	changes.	Additionally,	arthroscopy	can	provide	valuable	information	regarding	
the	 surgical	 treatment	 37,38.	 The	 use	 of	 arthroscopy	 can	 also	 prevent	 the	 invasive	
approach	using	arthrotomy,	as	it	can	replace	the	arthrotomy	in	early	stages	without	








missed	 18.	 This	 can	 be	 partially	 fixed	 by	 a	 higher	 intra-articular	 pressure	 or	 by	
performing	 a	 partial	 synovectomy	 to	 increase	 lesion	 visibility	 36.	 The	 entry	 of	 the	
needle,	 trocard,	or	 canula	can	 lead	 to	minor	cartilage	damage.	These	small	 lesions	














anti-inflammatory),	 and	 exercise	 restriction	 36.	 This	 approach	 can	 be	 effective	 in	 a	
limited	number	of	cases	12,	but	some	authors	claim	it	will	not	be	effective	due	to	the	
rapid	 development	 of	 degenerative	 changes	 26.	 Conservative	 treatment	 can	 be	 an	















Avulsion	 fractures	 of	 the	 lateral	 trochlear	 ridge	 should	 be	 anatomically	 and	
functionally	 reconstructed	 to	 ensure	 joint	 stability	 and	 congruity.	Due	 to	 the	 large	








The	 medial	 approach	 with	 osteotomy	 of	 the	 medial	 malleolus	 provides	 a	 good	
visibility	 of	 the	medial	 trochlear	 ridge	 and	 the	 distal	 tibia.	 Although	 some	 authors	
mention	osteotomy	in	combination	with	tenotomy	of	the	collateral	ligaments,	this	is	
not	necessary	 in	most	 cases	 21,	 the	visibility	of	 the	medial	 trochlear	 ridge	 is	highly	
increased	 when	 using	 an	 osteotomy	 19,40.	 In	 about	 50	 %	 of	 the	 cases,	 there	 are	










19.	 The	 dorsolateral	 and	 plantarolateral	 approach	 can	 also	 be	 used	 to	 inspect	 the	
lateral	 trochlear	 ridge.	 Additional	 visualisation	 can	 be	 realised	 through	 similar	
methods	as	described	for	the	medial	approach.	Osteotomy	of	the	lateral	malleolus	is	
not	 recommended,	 due	 to	 a	 tight	 connection	 with	 the	 tendons	 of	 the	 musculus	




after	 arthrotomy	 and	 conservative	 treatment	 are	 compared,	 there	 were	 no	




























these	cases	 the	 fragment	can	be	 removed	with	a	mini-arthrotomy,	 since	 the	exact	
location	 of	 the	 fragment	 be	 determined,	 especially	 with	 the	 combination	 of	
arthroscopy	and	CT	examination	18.	For	a	mini-arthrotomy	the	stab	 incision	for	 the	
arthroscopic	instruments	is	sharply	enlarged	to	about	15	mm	in	order	to	remove	the	














Historically	only	25	%	of	dogs	 treated	 for	OC	 lesions	on	 the	medial	 trochlear	 ridge	
made	a	full	recovery	12.	 In	more	recent	studies,	full	recovery	 is	seen	in	44	%	of	the	
cases,	 and	 improvement	 in	53	%	of	 the	 cases	 after	minimally	 invasive	 surgery,	 i.e.	
arthroscopy	of	mini-arthrotomy	22.	Because	many	different	factors	play	a	role	in	the	
prognosis	 of	 OC,	 it	 is	 difficult	 to	 correctly	 evaluate	 treatment	 and	 prognosis	 43.	
Clinical	parameters	such	as	age,	weight,	and	duration	of	symptoms	can	influence	the	
clinical	 result	 12,13,26.	 About	 the	 influence	 of	 these	 parameters	 a	 lot	 of	 discussion	
exists.	 Some	 authors	 noted	 a	 higher	 chance	 for	 full	 recovery,	 and	 thus	 a	 better	
prognosis,	 when	 dogs	 are	 treated	 shortly	 after	 the	 beginning	 of	 symptoms12,21,26.	
These	 studies	 use	 an	 arthrotomy	 as	 treatment	 and	 note	many	 complications.	 In	 a	











The	 surgical	 technique	 is	 another	 factor	 that	 can	 play	 a	 role	 in	 the	 success	 of	 the	
treatment	 43.	 An	 open	 arthrotomy	 has	 a	 negative	 effect	 on	 the	 long-term	 result,	
because	 damage	 to	 the	 medial	 collateral	 ligaments	 causes	 joint	 instability	 36.	




short-term	 advantage	 and	 that	 long-term	 results	 are	 similar	 to	 traditional	
arthrotomy	42.	
	
Arthroscopy	 can	 also	 be	 used	 to	 re-evaluate	 the	 prognosis,	 in	 combination	 with	
clinical	 and	 radiographic	 examination	 42.	 With	 the	 use	 of	 minimally	 invasive	
treatment,	 good	 results	 are	 possible	 even	 in	 adult	 dogs	 and	 dogs	 with	 chronic	
lameness.	 The	 prognosis	 of	 dogs	 with	 bilateral	 lesions	 is	 similar	 to	 dogs	 with	
unilateral	lesions	21,22.	
	
After	 surgical	 treatment,	progression	of	degenerative	 changes	 is	 seen	 in	almost	all	
dogs,	 regardless	 of	 the	 type	 of	 treatment	 21,22,40.	 Despite	 severe	 degenerative	
changes,	 the	 clinical	 symptoms	 are	 often	 minimal	 10,13.	 The	 progression	 of	
degenerative	changes	is	probably	due	to	continuous	joint	 instability.	This	 instability	
is	 due	 to	 flattening	of	 the	medial	 trochlear	 ridge,	 especially	 after	 curettage	of	 the	
lesion	 13.	 Another	 important	 cause	 of	 joint	 instability	 is	 the	 removal	 of	 a	 large	









tarsocrural	 joint	 10.	 Both	 the	 medial	 and	 lateral	 trochlear	 ridge	 can	 be	 affected.	
Lameness	and	pain	 located	 in	 the	 tarsocrural	 joint	are	 the	most	 typical	 symptoms,	





lesion	 is	 located	 on	 the	 lateral	 trochlear	 ridge	 20.	 The	 use	 of	 CT	 eliminated	 the	
CHAPTER	2	
	36	
problem	 of	 bony	 superposition	 and	 has	 a	 higher	 sensitivity	 for	 the	 detection	 of	
lesions	 compared	 to	 radiography.	 In	 addition,	 the	 size	 and	 exact	 location	 of	 the	
lesion,	as	well	as	 fragmentation	of	 the	medial	malleolus	can	be	evaluated.	Smaller	




using	 minimally	 invasive	 surgery,	 i.e.	 arthroscopy	 or	 mini-arthrotomy,	 an	
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and	 medial	 trochlear	 ridge.	 The	 aim	 of	 this	 study	 was	 to	 evaluate	 clinical	 and	




Medical	 records	 (1997	 –	 2010)	 of	 dogs	with	MTRT-OC	or	 LTRT-OC	were	 reviewed.	
Clinical	data	 (breed,	age,	gender,	weight,	duration	of	clinical	 signs)	were	 retrieved.	
Computed	tomographic	(CT)	examinations	of	the	tarsocrural	joints	were	performed.	





















Osteochondrosis	 (OC)	 has	 been	 reported	 in	 dogs,	 horses,	 pigs,	 and	 people	 1-3.	 In	
dogs,	although	it	 is	considered	a	multifactorial	disease,	the	exact	cause	is	unknown	
4,5.	 After	 the	 elbow	 and	 shoulder	 joint,	 the	 tarsocrural	 joint	 is	 the	 third	 most	
commonly	affected	joint	in	dogs,	representing	4	-	9%	of	OC	cases	6-8.	Tarsocrural	OC	
can	 be	 further	 divided	 into	 medial	 trochlear	 ridge	 tarsocrural	 osteochondrosis	
(MTRT-OC)	 and	 lateral	 trochlear	 ridge	 tarsocrural	 osteochondrosis	 (LTRT-OC),	
depending	on	the	affected	trochlear	ridge.	The	 lateral	trochlear	ridge	 is	affected	 in	
approximately	20%	of	tarsocrural	OC	6,7,9.	
	
Approximately	 50%	 of	 tarsocrural	 OC	 are	 bilateral	 7,10,	 although	 only	 ~30-50%	 of	
these	dogs	have	bilateral	lameness	11-13.	In	bilaterally	affected	dogs,	MTRT-OC	lesions	
associated	 with	 clinical	 lameness	 are	 significantly	 larger	 than	 MTRT-OC	 lesions	
without	 clinical	 signs	 13.	 The	 Labrador	 Retriever	 and	 the	 Bull	 Terrier	 are	 often	









One	 difference	 between	 MTRT-OC	 and	 LTRT-OC	 is	 the	 location	 on	 the	 trochlear	
ridge.	The	trochlear	ridge	of	the	talus	can	be	divided	in	a	proximal,	dorsal,	and	distal	
part	 (Figure	 1).	 In	 LTRT-OC,	 the	 dorsal,	 dorsoproximal,	 or	 proximal	 part	 can	 be	




and	 LTRT-OC	 with	 respect	 to	 clinical	 features	 of	 the	 affected	 dogs	 (breed,	 age,	
CHAPTER	3	
	 47	
gender,	 weight,	 and	 duration	 of	 signs)	 and	 subchondral	 bone	 lesion	 variables		
(morphologic	 data)	 of	 the	 lesions	 obtained	 by	 CT	 (size,	 location,	 number	 of	
fragments).	Although	it	has	been	reported	that	LTRT-OC	lesions	tend	to	be	larger	11,	







Medical	 records	 (1997	 –	 2010)	 of	 dogs	 diagnosed	 with	 osteochondrosis	 of	 the	







joints	 in	extension.	 Lateral	and	dorsoplantar	 scout-views	were	acquired	 to	confirm	
correct	 positioning	 and	 to	 prescribe	 the	 scan	 volume.	 Contiguous	 1.25	 mm	
collimated	 transverse	 images	 (120	 kVp,	 300	 mAs)	 were	 made,	 using	 a	 bone	





of	 the	 tarsocrural	 joint	 were	 made,	 using	 commercially	 available	 software	 (eFilm	
Workstation	 3.1,	 Merge	 Healthcare,	 Chicago,	 Illinois).	 CT	 images	 were	 reviewed	












fragments	 was	 recorded.	 Using	 a	 previously	 described	 protocol	 13,	 the	 length	 (L),	
width	(W),	and	depth	(D)	of	all	subchondral	bone	lesions	was	estimated	(Figure	2)	at	
the	level	they	appeared	to	be	largest.	Length	was	estimated	on	the	transverse	(axial)	
images	and	sagittal	 reformatted	 images	and	mean	 length	was	calculated.	A	 similar	
method	 was	 used	 for	 estimating	 the	 width	 on	 the	 transverse	 (axial)	 and	 dorsal	
reformatted	 images.	 For	 the	 estimation	 of	 depth,	 the	 sagittal	 and	 dorsal	
reconstructions	were	viewed,	and	measurements	were	performed	 in	 the	center	of	
the	defect,	from	the	bottom	to	the	level	where	the	joint	surface	was	to	be	expected.	











B:	 The	 level	of	 the	 sagittal	 (1)	 and	dorsal	 (2)	 reformatted	 images	displayed	on	 the	
transverse	CT	 image.	C:	 Sagittal	CT	 reformatted	 image	 showing	 the	measurements	




Similar	 to	a	method	used	 in	people	 23	and	 in	a	previous	 study	 24	all	measurements	
were	 related	 to	 the	 cross	 section	 of	 the	 talus	 (measurement	 divided	 by	 the	 cross	
section	of	the	talus	and	multiplied	by	100),	just	below	the	trochlear	ridges	(Figure	3),	



































































dogs,	 yielding	 80	 lesions	 studied.	 Breeds	 affected	 bilaterally	 were	 Rottweiler,	
Labrador	 Retriever,	 Golden	 Retriever,	 Pit-bull	 Terrier,	 Staffordshire	 Terrier,	
Bullmastiff,	 Cane	 Corso,	 and	 Bullterrier.	MTRT-OC	 lesions	 occurred	 in	 56	 dogs	 (67	
joints)	and	LTRT-OC	lesions	in	10	dogs	(13	joints).	Bodyweight	ranged	from	11	-	72	kg	






trochlear	 ridge	 (MTRT-OC)	 and	 10	 dogs	with	 lesions	 on	 the	 lateral	 trochlear	 ridge	
(LTRT-OC).	
	 Mean	(	±	SD)	 	
Variable	 MTRT-OC	(n	=	56)	 LTRT-OC	(n	=	10)	 P-Value	
Age	(months)	 22.5	(	±	20.2)	 8.85	(	±	2.61)	 0.02	
Bodyweight	(kg)	 33.7	(	±	12.8)	 30.0	(	±	10.9)	 0.37	
Duration	of	lameness	(months)	 6.6	(	±	6.8)	 3.2	(	±	1.7)	 0.08	
	
	
Dogs	 with	 LTRT-OC	 were	 significantly	 younger	 (P	 <	 .01)	 than	 dogs	 with	MTRT-OC	















Table	 3.	 Number	 of	 fragments	 associated	 with	 medial	 trochlear	 ridge	 tarsocrural	
osteochondrosis	 (MTRT-OC)	and	 lateral	 trochlear	 ridge	 tarsocrural	osteochondrosis	
(LTRT-OC).	
	
Number	of	fragments	 0	 1	 2	 3	
MTRT-OC	lesions	 21	(31.4	%)	 25	(37.3	%)	 10	(14.9	%)	 11	(16.4	%)	





Estimated	 length,	 width,	 depth,	 surface,	 and	 volume	 of	 the	 LTRT-OC	 subchondral	
bone	 lesions	were	significantly	 larger	 (P	<	 .01)	 than	 for	MTRT-OC	 lesions	 (Table	4).	














Variable	 MTRT-OC	(n	=	67)	 LTRT-OC	(n	=	13)	 P-Value	
Length	(L)	(mm)	 7.0	(	±	2.8)	 12.2	(	±	5,5)	 <	.01	
Width	(W)	(mm)	 3.6	(	±	1.3)	 5.6	(	±	1.4)	 <	.01	
Depth	(D)	(mm)	 3.2	(	±	1.6)	 7.6	(	±	2.3)	 <	.01	
Surface	(L*W)	(mm2)	 28.0	(	±	18.2)	 74.2	(	±	43.3)	 <	.01	
Volume	(L*W*D)	(mm3)	 100.1	(	±	101.9)	 614.2	(	±	455.0)	 <	.01	
Relative	Length	(%)	 32.04	(	±	11,81)	 54.20	(	±	21.06)	 <	.01	
Relative	Depth	(%)	 16.74	(	±	5.61)	 25.99	(	±	6.13)	 <	.01	
Relative	Width	(%)	 14.76	(	±	8.03)	 34.81	(	±	9.84)	 <	.01	
Relative	Surface	(%)	 126.21	(	±	75.48)	 328.22	(	±	170.27)	 <	.01	








OC	and	LTRT-OC	 lesions,	with	LTRT-OC	 lesions	having	greater	 length,	depth,	width,	
and	consequently	surface	and	volume	compared	with	MTRT-OC	lesions.	Lesion	size	




people,	 a	 strong	 correlation	 exists	 between	 length	 and	width	 of	OC	 lesions	 of	 the	
talus	and	the	outcome	after	arthroscopic	treatment.	A	cut-off	point	for	the	surface	
of	lesions	of	150	mm2	seems	to	exist	below	which	a	good	outcome	is	more	likely	25.	





people,	where	 lateral	 lesions	are	more	wafer-shaped,	and	medial	 lesions	are	more	
cup-shaped	 26.	 A	 variation	 in	 location	 of	 the	 LTRT-OC	 lesions	 was	 thought	 to	 be	




We	 found	 that	 dogs	 with	 LTRT-OC	 lesions	 are	 younger	 than	 those	 with	MTRT-OC	
lesions	 and	 tend	 to	 have	 a	 shorter	 duration	 of	 lameness	 before	 presentation.	
Because	LTRT-OC	lesions	are	larger,	they	are	likely	to	be	associated	with	more	severe	
lameness,	 leading	 to	 an	 earlier	 presentation.	 More	 persistent	 symptoms	 are	 also	













The	 morphologic	 and	 clinical	 differences	 we	 found	 might	 support	 previous	
suggestions	 of	 a	 different	 cause	 for	 MTRT	 and	 LTRT-OC	 lesions	 13,27,28.	 In	 people,	
medial	lesions	are	caused	by	inversion	with	the	ankle	joint	in	dorsiflexion	and	can	be	




ridge	 16,28.	 However,	 a	 correlation	 between	 LTRT-OC	 and	 avulsion	 fractures	 in	 the	
dorsal	 and	 distal	 part	 of	 the	 lateral	 trochlear	 ridge	 is	 unlikely,	 because	 the	 short	
lateral	collateral	ligaments	do	not	attach	here	20.	
	
A	 mismatch	 in	 the	 biomechanical	 properties	 of	 the	 articulating	 surfaces	 and	
repetitive	 microtrauma	 might	 contribute	 to	 the	 development	 of	 OC	 lesions,	 as	
suggested	 in	 people	 29,30.	 	 These	 factors	 are	 closely	 associated	 with	 the	 joint	
biomechanics.	 Biomechanical	 differences	 in	 joint	 function	 could	 explain	 breed	
predispositions	for	certain	orthopedic	conditions	31,32,	and	applied	to	tarsocrural	OC,	
tarsal	 joint	angle	could	play	a	role.	In	horses,	tarsal	 joint	angle	has	been	associated	
with	 tarsal	 joint	 pathology	 33,34.	 Joint	 biomechanics,	 biomechanical	 properties	 of	
articular	 surfaces,	 repetitive	microtrauma,	 and	 trauma	are	 all	 important	 factors	 to	
consider	 in	 the	 causes	 of	 OC.	 As	 in	 people,	 the	 larger	 LTRT-OC	 lesions	 might	 be	








There	 are	 some	 potential	 limitations	 to	 our	 study.	 The	method	 of	 measuring	 the	





Slice	 thickness	 can	 have	 an	 effect	 on	 the	 measurements,	 mainly	 on	 the	 depth	
estimations	 on	 the	 sagittal	 and	 dorsal	 reformatted	 images,	 leading	 to	
underestimation.	However,	all	measurements	and	calculations	were	made	using	the	









of	 this	 study.	 This	 makes	 is	 difficult	 to	 draw	 conclusions	 about	 the	 relationship	
between	 subchondral	 bone	 lesion	 size	 and	 cartilage	 lesion	 size;	 however,	 the	
subchondral	 bone	 and	 overlying	 cartilage	 are	 viewed	 as	 a	 functional	 unit	 with	 an	
important	 mechanical	 function	 36,	 and	 pathologic	 conditions	 like	 OC,	 affect	 this	
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Although	 the	 pathogenesis	 of	 osteochondrosis	 has	 been	 explored	 in	 different	
species,	the	exact	etiology	remains	unclear.	Also	in	dogs,	different	factors	including	
hereditary,	dietary	and	other	environmental	 factors	are	 likely	 to	play	a	 role,	 in	 the	
onset	and	progression	of	this	multifactorial	disease.		
	
One	 environmental	 factor	 that	 is	 likely	 to	 play	 a	 role	 in	 the	 development	 of	
osteochondrosis	 is	 biomechanical	 loading.	 The	 lesions	 associated	 with	








This	 PhD	will	 focus	on	 the	 tarsocrural	 joint	 and	 the	 reasons	 for	 this	 are	 threefold.	
Firstly,	concomitant	orthopaedic	conditions	in	the	tarsocrural	joint,	besides	trauma,	
are	rare,	therefore	OC	is	likely	to	be	induced	by	the	native	mechanical	environment	
in	 the	 joint.	 In	 the	 elbow	 joint	 for	 instance,	OC	 can	occur	 in	 the	presence	of	 joint	
incongruity	 and	 fragmented	 coronoid	process,	making	 the	evaluation	of	OC	 in	 this	
joint	 even	more	 complex.	 Secondly,	 the	 tarsocrural	 joint	 is	 relatively	 restricted	 in	
terms	of	the	degrees	of	freedom,	with	its	motion	merely	being	limited	to	flexion	and	
extension.	 And	 the	 last	 reason	 is	 the	 difference	 in	 clinical	 and	 morphological	
parameters	in	lesions	on	the	medial	and	lateral	trochlear	ridge,	possibly	indicating	a	






The	 general	 aim	 of	 this	 PhD	 is	 to	 gain	 more	 insight	 in	 the	 role	 of	 biomechanical	
loading	 in	 the	 development	 of	 osteochondrosis	 in	 dogs,	 with	 a	 focus	 on	 the	
tarsocrural	joint.		
	





computed	 tomographic	 osteoabsorptiometry	 (CTOAM),	 will	 be	 combined	 with	
advanced	 biomechanical	 modelling	 techniques,	 more	 specifically	 image-based	
musculoskeletal	modeling,	dynamic	motion	analysis	and	finite	element	analysis.		
	
The	 CTOAM	 will	 show	 the	 morphological	 consequences	 of	 the	 long-term	 joint	
loading	 in	 terms	 of	 subchondral	 bone	 density.	 The	 musculoskeletal	 modeling	 will	
yield	 estimations	 of	 joint	 contact	 forces,	 serving	 as	 input	 for	 the	 finite	 element	








role	 in	 the	 onset	 of	 OC,	 a	 strong	 correlation	 will	 be	 found	 between	 a	 high,	




















4. To	 describe	 differences	 in	 subchondral	 bone	 density	 distribution	 between	
different	breeds	and	different	Canidae	species	(Chapter	9).	
	
5. To	evaluate	 local	 loading	 condition	 in	 the	 tarsocrural	 joint	 in	 terms	of	 joint	
kinematics,	 and	 kinetics,	 estimate	muscle	 forces	 and	 joint	 contact	 forces	 in	










































Background:	 Bones	 continually	 adapt	 their	 morphology	 to	 their	 load	 bearing	
function.	 At	 the	 level	 of	 the	 subchondral	 bone,	 the	 density	 distribution	 is	 highly	
correlated	with	 the	 loading	 distribution	 of	 the	 joint.	 Therefore,	 subchondral	 bone	
density	 distribution	 can	 be	 used	 to	 study	 joint	 biomechanics	 non-invasively.	 In	
addition,	 physiological	 and	 pathological	 joint	 loadin	 are	 important	 aspects	 of	
orthopaedic	 disease,	 and	 research	 focusing	 on	 joint	 biomechanics	 will	 benefit	
veterinary	orthopaedics.	This	study	was	conducted	to	evaluate	density	distribution	in	













Conclusions:	 Based	 on	 the	 density	 distribution,	 the	 lateral	 trochlear	 ridge	 is	most	
likely	 subjected	 to	 highest	 loads	 within	 the	 tarsocrural	 joint.	 The	 joint	 loading	
distribution	 is	 very	 similar	 between	dogs	 of	 the	 same	breed.	 In	 addition,	 the	 joint	
loading	 distribution	 supports	 previous	 suggestions	 of	 the	 important	 role	 of	
biomechanics	in	the	development	of	OC	lesions	in	the	tarsus.	Important	benefits	of	
computed	tomographic	osteoabsorptiometry	(CTOAM),	 i.e.	the	possibility	of	 in	vivo	













In	 recent	 years,	 different	methods	 have	 been	 applied	 to	 study	 joint	 biomechanics	
both	 in	 vitro	 and	 in	 vivo.	 The	 initial	 studies	 presented	 detailed	 anatomical	
descriptions	 of	 joint	 structures	 5,6,	 followed	 by	 studies	 describing	 pressure	
distributions	 and	 contact	 areas	 7,8.	 These	 studies	 were	 often	 done	 on	 cadaveric	
specimens	and	required	a	certain	degree	of	dissection,	thus	altering	joint	kinematics.	
In	 vivo	 biomechanics	 are	 often	 limited	 to	 kinetic	 and	 kinematic	 research	 using	
marker	 data	 and	 pressure	 plates	 4.	 Actual	 joint	 loading	 cannot	 easily	 be	 assessed	
non-invasively	 in	 vivo,	 since	 it	 requires	 intra-articular	 insertion	 of	 pressure	 films	 9	
making	 it	 difficult	 to	 apply	 in	 studies	 using	 larger	 populations	 and	 patient	





or	 stay	 below	 the	 remodeling	 threshold.	 Because	 of	 that,	 increased	 joint	 loading	
leads	 to	 increased	 local	 strains	 and	 bone	 modeling	 ensures	 an	 increase	 in	
subchondral	bone	density	to	withstand	the	increased	loading	1,3.	In	addition,	altered	
joint	 biomechanics	 lead	 to	 altered	 joint	 loading	 distribution,	 leading	 in	 turn	 to	
alterations	in	the	subchondral	bone	density	distribution	10,11.	
	
The	 subchondral	 bone	 density	 in	 joints	 is	 highly	 correlated	with	 joint	 loading	 and	










orthopaedic	 condition	 in	 dogs	 that	 is	 considered	 to	 be	 multifactorial,	 with	
hereditary,	 dietary	 and	 environmental	 factors	 playing	 a	 role	 15.	 An	 environmental	
factor	likely	to	influence	the	occurrence	of	OC	is	joint	biomechanics,	since	OC	lesions	
are	 often	 found	 in	 specific	 locations	within	 the	 joint	 16-19.	 In	 the	 tarsocrural	 joint,	
lesions	 can	 be	 found	medially	 (medial	 trochlear	 ridge	 tarsocrural	 osteochondrosis	
(MTRT-OC))	and	 laterally	 (lateral	 trochlear	 ridge	 tarsocrural	osteochondrosis	 (LTRT-




the	 talus	 of	 healthy	 Labrador	 Retrievers	 non-invasively,	 as	 a	 parameter	 reflecting	




















A	 total	 of	 20	 tarsal	 joints	 (10	 left	 and	 10	 right)	 from	10	 adult	 (age	 24-28	months)	
Labrador	Retrievers,	 submitted	 for	 computer	 tomographic	 (CT)	 examination	of	 the	
elbow	 joint	 for	 the	 screening	 of	 elbow	dysplasia,	were	 included	 in	 this	 study.	 The	
study	was	approved	by	the	ethical	committee	of	the	Faculty	of	Veterinary	Medicine,	
Ghent	 University	 (approval	 nr.	 EC2011/193)	 and	 informed,	written	 owner	 consent	
was	obtained	in	each	case.	Inclusion	criteria	for	this	study	were	no	abnormalities	on	
orthopaedic	 examination	 and	 lameness	 evaluation	 and	 no	 abnormalities	 on	




Under	 general	 anaesthesia	 the	 dog	was	 positioned	 in	 ventral	 recumbency	 and	 CT	
images	 were	 acquired	 from	 the	 tarsal	 joints	 using	 a	 4	 slice	 helical	 CT	 scanner	




















For	 quantification	 purposes,	 the	 density	 values	 (in	 HU)	 were	 converted	 to	 8-bit	
values,	 i.e.	 256	 density	 values,	 which	 were	 split	 equally	 over	 8	 bins,	 according	 to	
literature	 22.	 Thus,	 each	 bin	 contains	 a	 range	 of	 32	 density	 values.	 A	 density	
maximum	was	defined	as	an	area	with	density	values	in	the	two	highest	density	bins	
of	 the	 densitogram.	 To	 allow	 the	 comparison	 of	 the	 individual	 subchondral	 bone	
density	distributions,	a	30	x	30	unit	grid	was	projected	over	the	densitogram	of	the	
proximal	 and	 dorsal	 view	 of	 the	 trochlear	 ridges.	 The	 grid	 edges	 were	 positioned	











In	 addition,	 the	 size	 of	 the	maximum	was	 described	 as	 a	 ratio	 of	 the	 area	 of	 the	
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3).	 The	 subchondral	 bone	 density	 distribution	 showed	 considerable	 regional	









2.	Differences	 in	 subchondral	 bone	density	 distribution	between	medial	 and	 lateral	
trochlear	ridge	
In	general,	the	lateral	trochlear	ridge	had	a	higher	apparent	density	in	comparison	to	




The	 medial	 trochlear	 ridge	 had	 a	 density	 maximum	 in	 its	 proximal	 part.	 More	




the	 trochlear	 ridge	at	 the	 level	where	 the	medial	 trochlear	 ridge	shows	an	area	of	
low	density.	This	density	maximum	was	larger	(Table	1)	and	showed	a	larger	variety	
in	shape	than	the	maximum	on	the	medial	 trochlear	ridge.	The	density	maxima	on	




	 	 Left		 Right	 P-value	
Proximal	view	 Total	#	pixels	 2254.8	(482.1)	 2226.4	(494.9)	 .909	
	 Area	max	#	pixels	 737.9	(212.4)	 716.5	(218.0)	 .845	
	 MAR	 32.4	(4.3)	 31.6	(3.9)	 .720	
Distal	view	 Total	#	pixels	 2348.1	(404.2)	 2288.8	(366.4)	 .763	
	 Area	max	#	pixels	 919.9	(184.4)	 944.4	(208.5)	 .807	






The	 location	 of	 the	 density	 maxima	 on	 the	 standardized	 grid	 is	 displayed	 in	 a	
summary	 view	 for	 both	 views	 of	 the	 talus	 (Figure	 5).	 The	 density	 maxima	 clearly	
display	 a	 very	 similar	 distribution	 in	 all	 dogs.	 No	 significant	 differences	 in	 the	





















of	 healthy	 Labrador	 Retrievers,	 using	 conventional	 CT	 data	 and	 CTOAM.	 The	
densitograms	 provide	 a	 visual	 representation	 of	 the	 subchondral	 bone	 density	
distribution.	 Additionally	 the	 density	maxima	were	 described	 using	 a	 standardised	
grid	overlay	and	the	maximum	area	ratio	(MAR)	was	calculated.	
	
Previous	 studies	 in	 humans	 have	 shown	 regional	 subchondral	 bone	 density	
variations	 in	many	different	 joints	 11,12,23,	 but	 studies	 in	dogs	have	been	 limited	 to	






ridge	 and	 the	 other	 one	 is	 located	more	 distally	 on	 the	 lateral	 trochlear	 ridge.	 In	
addition,	 the	 apparent	 density	 of	 the	 lateral	 trochlear	 ridge	 is	 higher	 than	 the	
apparent	density	of	the	medial	trochlear	ridge.	A	possible	explanation	for	this	is	the	
fact	that	the	lateral	trochlear	ridge	in	the	dog	is	more	pronounced	and	is	more	likely	
to	 endure	 increased	 loads	 during	 gait.	 Geometry	 plays	 a	 major	 role	 in	 the	
development	of	subchondral	bone	density	patterns,	as	it	determines	the	magnitude	
and	direction	of	 the	dynamic	 loads,	which	 in	 turn	will	guide	 the	modeling	process,	
leading	 to	 morphological	 adaptations	 3,27,	 which	 is	 in	 this	 case	 an	 increase	 in	
apparent	density.		
	
Both	 the	 location	 of	 the	 density	 maxima	 and	 the	 MAR	 showed	 no	 significant	
differences	between	left	and	right	limbs.	A	recent	study	described	asymmetry	in	limb	
and	 joint	 mechanics	 in	 orthopedically	 sound	 Labrador	 Retrievers	 28.	 Mechanical	
dominance	 has	 been	 described	 in	 various	 species,	 and	 in	 dogs	 right	 hind	 limb	
dominance	 appears	 to	 be	 most	 common	 29.	 These	 conclusions	 are	 based	 on	 the	




was	not	evaluated	using	gait	 analysis	 in	 the	dogs	used	 in	 this	 study.	Based	on	our	
findings,	we	assume	that	the	dogs	used	in	this	study	have	symmetrical	gait,	or	that	
the	 differences	 in	 case	 of	 asymmetry	 due	 to	 hind	 limb	 dominance,	 did	 not	
significantly	effect	subchondral	bone	density	distribution.	Whether	or	not	hind	limb	
dominance	 in	 dogs	 has	 an	 influence	 on	 subchondral	 bone	 density	 is	 a	 very	
interesting	topic,	and	is	subject	of	further	research.	
	
On	 the	 proximal	 view	 there	 was	 no	 significant	 difference	 found	 for	 the	 MAR	
between	dogs,	whereas	on	the	distal	view	there	was	a	significant	difference	for	the	
MAR.	As	mentioned	above,	the	maximum	on	the	lateral	trochlear	ridge	was	located	
distally,	 so	 it	 was	 visualised	 best	 on	 the	 distal	 view,	 and	 showed	more	 variety	 in	
shape	 compared	 to	 the	maximum	on	 the	medial	 trochlear	 ridge.	 This	 explains	 the	
difference	in	MAR	between	dogs	in	the	distal	view.	A	possible	explanation	is	that	the	
proximal	 part	 of	 the	 medial	 trochlear	 ridge	 is	 subjected	 to	 more	 homogeneous	
loading.	 Another	 possibility,	 that	 is	 likely	 to	 play	 a	 simultaneous	 role,	 is	 that	 the	
force-transmitting	 area	 of	 the	 medial	 trochlear	 ridge	 is	 much	 more	 constant	










Differences	 in	 the	size	of	 the	area	of	maximum	density	can	be	caused	by	absolute	
size	differences	(i.e.	 larger	or	smaller	talus)	but	 in	this	study	this	effect	will	be	very	
minimal	 since	 all	 dogs	 were	 Labrador	 Retrievers	 of	 approximately	 the	 same	 size,	
weight,	and	age.	Another	 reason	 is	differences	 in	 scanning	parameters,	 specifically	





differences	 between	 the	 dogs	 used	 in	 this	 study.	 The	 use	 of	 the	 MAR	 allows	 a	




joint	 cartilage.	 Joint	 cartilage	 has	 the	 important	 biomechanical	 role	 to	 provide	 an	
even	distribution	of	the	joint	 loading	on	the	articular	surface	30.	Thicker	cartilage	 is	
found	 in	 places	 with	 higher	 biomechanical	 loads.	 A	 study	 by	 Brunnberg	 et	 al.	
supports	 our	 conclusion	 that	 the	 lateral	 trochlear	 ridge	 is	most	 likely	 subjected	 to	
higher	 loads.	The	cartilage	of	 the	 lateral	 trochlear	ridge	 is	significantly	 thicker	 than	
the	cartilage	of	the	medial	trochlear	ridge	31.		
	
The	 location	 of	 the	 density	 maximum	 on	 the	 medial	 trochlear	 ridge	 is	 the	 same	




On	 the	 talus,	 these	 areas	 subjected	 to	 high	 loading	 coincide	 with	 the	 location	 of	
MTRT-OC	 lesions.	 Thus,	 this	 study	 supports	 previous	 suggestions	 that	 repetitive	
microdamage	 33	 is	 an	 important	 factor	 in	 the	 development	 of	 OC,	 although	more	
research	is	necessary	to	elucidate	the	exact	pathophysiology.			
	
Lesions	 on	 the	 lateral	 trochlear	 ridge	 (LTRT-OC	 lesions),	 are	 larger	 than	MTRT-OC	
lesions	 and	 have	 a	 larger	 variation	 in	 size	 14.	 Interestingly,	 the	 subchondral	 bone	
density	maximum	on	the	 lateral	 trochlear	 ridge	 is	 larger	and	shows	more	variation	
compared	to	the	medial	trochlear	ridge,	and	similar	distribution	as	the	OC	lesions.		
	
Untill	 now,	 it	 is	 not	 known	whether	 changes	 in	 subchondral	 bone	 density	 are	 the	
cause	or	the	effect	of	OC	lesions.	A	local	increase	in	subchondral	bone	density,	as	is	
the	 case	 at	 the	 level	 of	 a	 subchondral	 bone	 density	 maximum,	 may	 increase	 the	
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This	 study	 shows	 a	 distinct	 pattern	 of	 subchondral	 bone	 density	 in	 the	 talus	 of	
healthy,	 adult	 Labrador	 Retrievers.	 This	 pattern,	 or	 density	 distribution,	 provides	
more	 information	 on	 the	 biomechanical	 aspects	 of	 the	 tarsocrural	 joint	 and	 the	
morphological	 adaptations	under	normal	 joint	 loading	 conditions.	 The	 influence	of	
altered	 joint	 kinematics,	 bone	geometry	 and	 leg	 conformation	on	 the	 subchondral	
bone	density	distribution	remains	subject	of	further	research.	
	
Although	 the	 evaluation	 of	 the	 subchondral	 bone	 density	 distribution	 pattern	
supports	previous	suggestions	on	the	role	of	joint	biomechanics	in	the	development	
of	 tarsocrural	 OC,	 more	 research	 is	 needed	 to	 determine	 cause	 and	 effect.	
Therefore,	 research	 should	 focus	 on	 early	 stages	 of	 OC	 lesions	 and	 systematically	
review	all	factors	contributing	to	the	biomechanical	joint	loading.	
	
In	 the	 field	 of	 veterinary	 biomechanics,	 CTOAM	 could	 provide	 new	 insights	 in	
physiological	 joint	 loading	 distribution,	 and	 alterations	 in	 pathological	 conditions.	
The	technique	can	be	used	in	vivo,	in	patient	populations,	and	to	evaluate	temporal	
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across	 joints.	 The	 subchoncdral	 bone	 density	 distribution	 is	 a	 reflection	 of	 the	
loading	history	of	the	joint,	and	the	heterogeneous	density	distribution	expected	to	
be	reflected	in	the	subchondral	bone	material	properties.	The	goal	of	this	study	was	




were	 defined	 on	 the	 subchondral	 bone	 plate.	 At	 these	 points	 the	 mechanical	
strength	 was	 determined	 by	 indentation	 testing,	 registering	 the	 maximum	





found	 between	 the	 subchondral	 bone	 density	 and	 the	 mechanical	 strength.	 The	
location	 of	 the	 density	 maxima	 matched	 the	 location	 of	 maximal	 mechanical	
strength.		
	
Conclusion:	 The	 use	 of	 CTOAM	 provides	 a	 non-invasive	 opportunity	 to	 not	 only	
assess	the	density	of	the	subchondral	bone	plate	but	also	the	mechanical	strength,	
















in	 subchondral	 bone	 density	 to	 withstand	 the	 increased	 loading	 3,4.	 In	 addition,	
altered	 joint	biomechanics	 lead	to	altered	 joint	 loading	distribution,	 leading	 in	turn	
to	 alterations	 in	 the	 subchondral	 bone	 density	 distribution	 5,6.	 It	 is	 this	 process	 of	
mechanotransduction,	 that	 allows	 us	 to	 evaluate	 joint	 loading	 based	 on	 the	
subchondral	bone	density.		
	
The	 subchondral	 bone	 density	 can	 be	 evaluated	 non-invasively	 using	 computer	
tomographic	 osteoabsorptiometry	 (CTOAM)	 1,6,7.	 The	 application	 of	 CTOAM	 in	 the	
canine	tarsocrural	joint	has	shown	a	distinct	pattern	of	subchondral	bone	density	in	
the	talus	of	healthy,	adult	Labrador	Retrievers	7.	In	dogs,	the	trochlear	ridges	are	one	
of	 the	 predilection	 locations	 for	 osteochondrosis	 (OC)	 lesions,	 and	 it	 is	 likely	 that	














Twenty	paired	 canine	 cadaver	 tali,	 obtained	 from	 the	Department	 of	Morphology,	
Faculty	 of	 Veterinary	Medicine	 (Ghent	 University,	 Belgium),	 were	 included	 in	 this	
study	 (Table	1).	 The	bones	originated	 from	different	 large	breed	dogs	 (all	 >	25	kg,	
Table	1),	to	ensure	a	large	enough	testing	surface	for	the	indentation	testing.	All	soft	
tissues	 were	 removed,	 and	 the	 bones	 were	 frozen	 until	 the	 day	 before	 testing.	




the	 articular	 surface	 (Figure	 1).	 Spacing	 was	 done	 using	 a	 calliper.	 All	 test	 points	
were	 kept	 a	 minimum	 of	 7	 mm	 apart,	 to	 avoid	 interference	 during	 testing.	 Test	




















Optimal	 visualisation	of	 the	 subchondral	 bone	density	distribution	 is	 accomplished	
by	 a	 view	 perpendicular	 to	 the	 test	 point.	 Therefore	multiple	 reconstructions	 and	








was	 cemented	 in	 polymethylmethacrylate	 (PMMA)	 to	 facilitate	 the	 positioning	
during	 testing.	 During	 testing,	 the	 PMMA	 blocks	 were	 fixed	 in	 a	 custom-made,	













the	 increase	 of	 resistant	 force	measured	by	 the	 testing	machine	 until	 it	 reaches	 a	













which	 can	 be	 fasted	 with	 4	 screws;	 E:	 Ball-bearing	 joint	 to	 enable	 optimal	



















Figure	 3.	 Force-time	 curve	 which	 is	
the	 result	 of	 each	 testing	 point.	 The	
curve	 shows	 an	 increase	 in	 resistant	
force	 (in	 Newton	 (N)),	 leading	 to	 a	





of	 a	 talus	 after	 testing,	 showing	 the	
perpendicular	 direction	 of	 the	 needle	
















The	 visual	 comparison	 of	 the	 subchondral	 bone	 density	 distribution	 and	 strength	
distribution	 show	marked	 similarities	 (Figure	 6).	 The	 density	maxima	 and	maxima	




High	 correlations	 were	 found	 between	 the	 density	 values	 and	 the	 measured	








Figure	 6.	 The	 results	 of	 the	 density	 and	 strength	 distribution	 of	 the	 talus	 of	 two	
different	dogs	 (one	on	 the	 right,	 and	one	on	 the	 left).	 Top	 row	 shows	 the	density	
distribution.	 Middle	 row	 shows	 the	 strength	 distribution,	 which	 is	 a	 visual	
representation	 of	 the	 penetration	 force	 at	 each	 testing	 point.	 Bottom	 row	 shows	








Specimen	 Breed	 Gender	 Age	 Side	 r2	
SBD-1	 German	Shepherd	 Male	 2	 Left	 0.83	
SBD-2	 	 	 	 Right	 0.86	
SBD-3	 Belgian	Shepherd	 Female	 5	 Left	 0.93	
SBD-4	 (Mallinois)	 	 	 Right	 0.91	
SBD-5	 American	Bulldog	 Female	 N/A	 Left	 0.94	
SBD-6	 	 	 	 Right	 0.89	
SBD-7	 German	Shepherd	 Female	 4	 Left	 0.96	
SBD-8	 	 	 	 Right	 0.94	
SBD-9	 Bernese	Mountain	Dog	 Male	 6	 Left	 0.95	
SBD-10	 	 	 	 Right	 0.91	
SBD-11	 Mixed	breed	 Male	 8	 Left	 0.83	
SBD-12	 	 	 	 Right	 0.88	
SBD-13	 Labrador	Retriever	 Female	 4	 Left	 0.78	
SBD-14	 	 	 	 Right	 0.84	
SBD-15	 Great	Dane	 Female	 7	 Left	 0.94	
SBD-16	 	 	 	 Right	 0.92	
SBD-17	 Poodle	 Male	 5	 Left	 0.79	
SBD-18	 	 	 	 Right	 0.82	
SBD-19	 Mixed	breed	 Male	 N/A	 Left	 0.89	







This	 study	 evaluates	 the	 correlation	 between	 subchondral	 bone	 density	 and	 the	
strength	of	 the	 subchondral	bone	plate	of	 the	 canine	 talus.	 The	 subchondral	bone	
density	is	not	distributed	homogeneously,	but	displays	local	variations	in	density	and	
marked	 interindividual	 variation.	 Previous	 reports	 on	 subchondral	 bone	 density	 in	
dogs	 have	 reported	 the	 density	 distribution	 of	 the	 Labrador	 Retriever	 (talus)	 7,	 or	
mixed	 breeds	 (the	 elbow	 joint	 in	 a	 sagittal	 plane)	 10.	 The	 interindividual	 variation	













the	 (patho)physiology	 of	 cartilage	 and	 subchondral	 bone	 2,16.	 In	 horses,	 material	
testing	of	the	subchondral	bone	of	the	third	metacarpal	bone	has	shown	significant	
correlations	 between	 bone	 mineral	 density,	 and	 elastic	 modulus	 and	 energy	 to	
failure.	These	parameters	also	varied	according	to	anatomic	location	within	the	joint	
17.	Changes	in	density	affect	these	functional	parameters	and	might	play	a	role	in	the	
development	 of	 joint	 pathology	 such	 as	 osteoarthrosis	 (OA)	 and	 OC	 18,19.	 In	 the	
tarsocrural	joint	of	the	Labrador	Retriever,	the	location	of	the	density	maxima	is	the	
same	as	 the	 location	where	OC	 lesions	 are	 found	 7.	 Although	 there	 is	 still	 a	 lot	 of	
discussion	about	the	exact	aetiology	of	OC	lesions,	both	in	humans	20	and	dogs	8,21,22,	
micro	 trauma	or	 repetitive	biomechanical	 stress	 is	 likely	 to	 play	 an	 important	 role	
2,22,23.	 These	 factors	 also	 influence	 the	density	 of	 the	 subchondral	 bone	plate,	 and	
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with	an	 increase	 in	density,	the	potential	of	regeneration	and	repair	at	the	 level	of	
the	 subchondral	 bone	 and	 overlying	 cartilage	may	 be	 impaired	 24.	 Although	more	
research	is	necessary	on	the	role	of	biomechanical	loading	in	the	development	of	OC	
lesions	 in	 dogs,	 current	 evidence	 supports	 the	 hypotheses	 on	 the	 role	 of	 joint	
loading	 in	 canine	 OC.	 An	 additional	 factor	 may	 be	 a	 mismatch	 in	 biomechanical	
characteristics	 of	 the	 subchondral	 bone	 and	 articular	 cartilage.	 Although	 the	
subchondral	 bone	 plate	 should	 be	 strong	 enough	 to	 withstand	 the	 forces	 during	
physiological	joint	loading,	density	changes	may	propagate	(in	pathological	joints),	or	
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density	 distribution	 was	 evaluated	 using	 computer	 tomographic	
osteoabsorptiometry	 (CTOAM).	The	 location	of	 the	density	maxima	was	quantified	
using	 a	 standardised	 grid	 overlay	 and	 the	 size	 of	 the	 density	 maximum	 was	
expressed	as	the	maximum	area	ratio	(MAR).		
	





Conclusions:	 The	 subchondral	 bone	 density	 of	 the	 talus	 of	 healthy	 Labrador	















joint	 cartilage,	 and	 transmits	 forces	 from	 the	 joint	 surface	 to	 the	 trabecular	
structures	 8.	 Although	 the	 initial	 skeletal	 anatomy	 is	 formed	 in	 utero,	 almost	 all	
mechanical	adaptations	take	place	after	birth	4.	These	adaptations	are	necessary	for	
the	 bones	 to	 fulfill	 their	 load	 bearing	 function	 and	 to	 withstand	 the	 mechanical	
stress	during	locomotion	4.	
	
At	 the	 level	 of	 the	 joints,	 it	 is	 the	 subchondral	 bone	 plate	 (SBP)	 that	 continually	
adapts	 to	 loading	 magnitude,	 direction	 and	 penetration	 depth.	 Indeed,	 the	
subchondral	bone	density	in	joints	is	highly	correlated	with	joint	loading	and	reflects	
the	loading	history	of	the	joint	9-12.	Bone	density	can	be	evaluated	using	dual-energy	
x-ray	 absorptiometry	 (DEXA)	 or	 peripheral	 quantitative	 computed	 tomography	
(pQCT)	 13,	 but	 they	 lack	 the	 regional	detail	 required	 to	evaluate	 subchondral	bone	
density	 at	 the	 joint	 surface.	 Using	 computer	 tomographic	 osteoabsorptiometry	
(CTOAM),	 the	 density	 distribution	 of	 the	 subchondral	 bone	 can	 be	 visualised	 and	
evaluated	in	detail	9-12.	
	
The	goal	of	 this	 study	was	 to	evaluate	subchondral	bone	density,	using	CTOAM,	 in	
the	talus	of	healthy	Labrador	Retrievers	at	different	ages,	using	a	longitudinal	study	
design,	 in	 order	 to	 document	 the	 adaptation	 of	 the	 subchondral	 bone	 plate	 with	









University.	 The	 study	 was	 approved	 by	 the	 ethical	 committee	 of	 the	 Faculty	 of	
Veterinary	Medicine,	Ghent	University	(approval	nr.	EC2011/193)	and	verbal	owner	
consent	 was	 obtained	 in	 each	 case.	 Inclusion	 criteria	 for	 this	 study	 were	 no	
abnormalities	 on	 orthopaedic	 examination	 and	 lameness	 evaluation	 and	 no	
abnormalities	 on	 radiographs	 of	 hips,	 elbows	 and	 tarsal	 joints.	 For	 screening	 of	
elbow	dysplasia	a	group	of	Labrador	Retrievers	had	a	CT	examination	between	8	and	







Contiguous,	 1,25	mm	collimated,	 transverse	 images	were	obtained	 in	 a	 soft	 tissue	
reconstruction	algorithm.	Dogs	were	positioned	in	ventral	recumbency	and	left	and	
right	 tarsal	 joints	were	 scanned	simultaneously,	with	 the	 tarsal	 joints	 in	extension,	
according	 to	 patient	 protocol	 14.	 A	 calibration	 phantom	 (Bone	 Density	 Calibration	
Phantom,	QRM	GmbH,	Germany)	was	 placed	 between	 the	 scanning	 table	 and	 the	
tarsal	joints	as	a	density	reference	standard.	Based	on	the	calibration	phantom,	the	
Hounsfield	 Units	 (HU)	 in	 the	 final	 measurements	 were	 converted	 to	 mg	











(Analyze	 11.0,	 Biomedical	 Imaging	 Resource,	 Mayo	 Foundation,	 Rochester,	 MN,	











right	 foot,	 medial	 view.	 Line	 of	 sight	 for	 the	 two	 3D	 reconstructions	 that	 are	





For	 quantification	 purposes,	 the	 density	 values	 (in	 HU)	 were	 converted	 to	 8-bit	
values,	 i.e.	 256	 density	 values,	 which	 were	 split	 equally	 over	 8	 bins,	 according	 to	
literature	 [16].	 Thus,	 each	 bin	 contains	 a	 range	 of	 32	 density	 values.	 A	 density	
maximum	was	defined	as	an	area	with	density	values	in	the	two	highest	density	bins	
of	 the	 densitogram.	 To	 quantify	 the	 density	 maxima,	 a	 30	 x	 30	 unit	 grid	 was	
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maxima,	 the	 mean	 density,	 the	 maximum	 density,	 and	 the	 MAR	 was	 compared	
between	t1	and	t2.	In	addition	mean	density	and	maximum	density	were	compared.	














the	 entire	 joint	 contact	 area.	 The	 density	maximum	on	 the	medial	 trochlear	 ridge	








significant	 difference	 in	 the	 location	 of	 the	 density	maxima	 (x-	 and	 y-coordinates)	
between	 t1	 and	 t2	 on	 the	 proximal	 (p-value	 .752)	 and	 dorsal	 view	 (p-value	 .111)	






Figure	 4.	 Summation	 picture	 of	 the	 location	 of	 the	 subchondral	 bone	 density	





	 	 t1		 t2		 p-value	
Overall	density		
(mg	HA/cm3)	
Proximal	view	 664.5	(51.1)	 736.0	(46.3)	 .001	
Dorsal	view	 696.1	(47.3)	 761.5	(36.9)	 .001	
Maximum	density	
(mg	HA/cm3)	
Proximal	view	 1049.5	(68.7)	 1122.2	(77.9)	 .01	
Dorsal	view	 1094.2	(78.0)	 1186.6	(78.0)	 .01	
MAR	 Proximal	view	 12.0	(5.2)	 19.0	(6.6)	 .002	
Dorsal	view	 18.9	(5.7)	 26.8	(3.9)	 .000	












to	 the	 field	 of	 veterinary	 orthopaedic	 research,	 because	 of	 the	 longitudinal	 study	
design.	In	this	study,	10	Labrador	Retrievers	had	a	CT	scan	of	the	tarsal	joint	at	two	
different	time	points	(8-10	months	and	20-22	months)	and	subsequent	evaluation	of	
the	 subchondral	 bone	 density	 of	 the	 talus,	 using	 CTOAM.	 The	 use	 of	 a	 calibration	
phantom	with	known	densities	allowed	a	comparison	of	different	scans	with	minimal	
inter-scan	 variability.	 In	 addition,	 absolute	 density	 values	 could	 be	 calculated,	
facilitating	future	comparisons	in	subchondral	bone	density	research.		
The	 subchondral	 bone	 adapts	 to	 loading	 conditions	 and	 undergoes	 important	
remodeling	during	skeletal	maturation	4,13,18.	The	age	range	in	this	study	is	the	range	
in	 which	 the	 dogs	 still	 grow.	 Mean	 weight	 increase	 in	 this	 study	 was	 21%,	 and	
significant	changes	in	subchondral	bone	density	can	be	expected.		
	
For	all	dogs,	 there	was	an	 increase	 in	overall	density	and	maximum	density	of	 the	
subchondral	bone	between	t1	and	t2.	An	increase	in	loading	will	cause	an	increase	in	
subchondral	 bone	 density,	 which	 is	 commonly	 seen	 during	 growth	 or	 increased	
exercise	1,4.	The	mechano-biological	adaptations	are	a	life-long	process.	For	instance	
in	 dogs,	 the	 bone	 mineral	 content	 of	 femurs	 increases,	 with	 increasing	 age	 13.	 A	
similar	 process	 is	 likely	 to	 take	 place	 in	 all	 load-bearing	 bones,	 including	 the	
subchondral	bone	underlying	the	 joint	surface.	The	 increased	density	 is	most	 likely	
due	 to	 increased	 loading	 of	 the	 limbs	 due	 to	 an	 increase	 in	 body	 weight	 and	 an	
increase	in	physical	activity.	The	dogs	used	in	this	study	were	guide	dogs	in	training,	










weight	 gain	 (21%	 in	 this	 study).	 It	 was	 noted	 that	 these	 effects	 could	 not	 be	
evaluated	 separately	 due	 to	 the	 non-linear	 character	 of	 the	 growth	 curve	 in	 a	
growing	 individual	 18.	 The	 same	 applies	 to	 our	 results	 and	 the	 increase	 in	






the	 articular	 surface	 and	 the	 cartilage-subchondral	 bone	 interface,	 remains	 similar	
during	growth.	The	major	adaptations	in	density	distribution	itself	take	place	in	the	
early	post-natal	months	4,18.	So,	the	 joint	 loading	distribution	at	8	months	of	age	 is	
very	similar	to	the	final	joint	loading	distribution	at	20	months.		
	
The	 alterations	 described	 in	 this	 study	 will	 likely	 be	 a	 response	 to	 an	 increase	 in	
loads.	This	increase	in	load	also	explains	the	increased	MAR,	as	the	area	of	maximum	
density	 increases	 to	 accommodate	 the	 increasing	 biomechanical	 needs	 of	 the	
subchondral	bone	plate.	The	use	of	a	ratio	(MAR)	allowed	controlling	for	differences	
in	 size.	 These	differences	 can	be	 caused	by	absolute	 size	differences	 (i.e.	 larger	or	
smaller	 talus),	 although	 in	 this	 study	 this	effect	will	 be	very	minimal	 since	all	dogs	
were	 Labrador	 Retrievers	 of	 approximately	 the	 same	 size,	 weight	 and	 age.	 The	







Of	 course,	 the	 statements	 above	 are	 only	 true	 in	 healthy	 individuals	 without	
orthopaedic	 disease,	 as	 orthopaedic	 pathology	 can	 alter	 joint	 loading	 distribution	
and	 thus	 alter	 the	 subchondral	 bone	 density	 distribution	 8,10.	 Indeed,	 altered	 joint	
biomechanics	 can	 also	 lead	 to	 orthopaedic	 disease,	 e.g.	 the	 development	 of	
osteochondrosis	 (OC).	 It	 is	 important	 to	 remember	 that	 changes	 in	 loading	 and	













the	 talus	 in	 healthy	 Labrador	 Retrievers	 during	 an	 important	 phase	 of	 skeletal	
maturation.	 Based	 on	 current	 findings,	 the	 physiological	 joint	 loading	 distribution	
does	not	change	significantly	during	 this	period,	but	 the	subchondral	bone	density	
increased,	at	 least	 for	most	part,	 in	 response	 to	 increased	 joint	 loading,	consistent	
with	increased	weight.	The	morphological	and	pathological	consequences	of	a	non-
physiological	 joint	 loading	 distribution	 remain	 subject	 to	 further	 research.	 The	
strength	 of	 CTOAM	 is	 that	 is	 allows	 the	 evaluation	 of	 temporal	 changes	 and	 the	
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Background:	 Osteochondrosis	 is	 an	 orthopaedic	 condition	 that	 occurs	 in	 specific	








a	 CT	 examination	 at	 time	 of	 diagnosis	 were	 included.	 Subchondral	 bone	 density	




The	 contralateral	 joint	 displayed	 a	 significantly	 higher	 mean	 apparent	 density	





tarsocrural	 osteochondrosis	 shows	 severe	 changes	 in	 both	 the	 ipsi-	 and	 contra-
lateral	joint.	The	changes	in	the	contra-lateral	joint	are	likely	an	adaptive	response	to	
the	weightshift	associated	with	lameness.	The	differences	observed	between	MTRT-







The	 disruption	 of	 the	 complex	 process	 of	 enchondral	 ossification	 is	 generally	
accepted	as	the	main	pathogenesis	of	canine	osteochondrosis	(OC)	1-3.	This	failure	in	
the	 ossification	 process	 is	 focal	 and	 a	 specific	 area	 of	 growth	 cartilage	 is	 not	
converted	 to	 bone,	 due	 to	 failure	 of	 matrix	 calcification	 and	 vascular	 invasion	 4.	
More	specifically,	the	primary	event	is	most	likely	a	local	disruption	of	the	epiphyseal	
cartilage	canals	during	growth,	leading	to	ischemic	necrosis	of	the	growth	cartilage	3.	
These	 cartilage	 canals	 harbour	 microscopic	 vessels	 that	 invade	 the	 epiphyseal	







the	 development	 of	 canine	 osteochondrosis.	 Similar	 to	 humans,	 a	 mismatch	 in	
biomechanical	properties	can	be	the	start	of	a	cascade	leading	to	the	development	
of	osteochondrosis	lesions	8,9.	In	pigs	it	has	been	found	that	the	location	of	cartilage	








The	 disruption	 of	 the	 enchondral	 ossification	 process	 leads	 to	 thickening	 of	 the	







of	 intra-articular	pressure	films	12.	 Invasive	(in	vitro)	methods	to	study	joint	 loading	
include	the	description	of	pressure	distribution	and	contact	areas	on	cadavers	13,14.	
However,	 these	 techniques	 require	 a	 certain	 degree	 of	 dissection,	 which	 will	
ultimately	alter	 the	 joint	kinematics.	As	demonstrated	 in	humans,	 the	 subchondral	
bone	 density	 distribution	 is	 highly	 correlated	 with	 joint	 loading	 and	 reflects	 the	
loading	history	 of	 the	 joint	 15-17.	 The	density	 at	 any	 given	 time	 is	 the	 result	 of	 the	
bone	functional	adaptation,	mentioned	above,	and	provides	an	opportunity	for	non-
invasive	research	of	joint	loading	15,18.	The	subchondral	bone	density	distribution	can	




by	 mineral	 density,	 collagen	 content,	 and	 ash	 fraction	 20.	 These	 biomechanical	
properties	can	change	through	modeling	and	remodeling	of	 the	articulating	bones,	
guided	 by	 local	 strains	 21,22.	 These	 strains	 result	 from	 the	 biomechanical	 loading	








The	 evaluation	 of	 the	 subchondral	 bone	 density	 distribution	 can	 be	 used	 to	 study	
joint	 loading	 in	 vivo,	 and	non-invasively.	The	available	data	 in	 literature	allows	 the	
evaluation	 of	 pathological	 subchondral	 bone	 changes,	 and	 the	 comparison	 to	









at	 the	 Faculty	 of	 Veterinary	Medicine,	 Ghent	 University.	 Inclusion	 criteria	 for	 this	








All	 CT	 examinations	 were	 done	 under	 general	 anaesthesia,	 and	 CT	 images	 were	





Dogs	 were	 positioned	 in	 ventral	 recumbency	 and	 left	 and	 right	 tarsal	 joints	 were	
scanned	 simultaneously,	 with	 the	 tarsal	 joints	 in	 extension,	 according	 to	 patient	
protocol	 and	 previous	 publications	 19,25.	 Correct	 positioning	was	 confirmed	 on	 the	
laterolateral	 and	dorsoplantar	 scout	 view.	Acquisition	 time	was	 approximately	 five	
minutes,	 including	 positioning.	 A	 calibration	 phantom	 (Bone	 Density	 Calibration	
Phantom,	QRM	GmbH,	Germany)	was	 placed	 between	 the	 scanning	 table	 and	 the	
tarsal	joints	as	a	density	reference	standard.	Based	on	the	calibration	phantom,	the	
Hounsfield	 Units	 (HU)	 in	 the	 final	 measurements	 were	 converted	 to	 mg	



















right	 foot,	 medial	 view.	 Line	 of	 sight	 for	 the	 two	 3D	 reconstructions	 that	 are	





It	 is	 likely	that	 joint	 loading,	and	thus	the	subchondral	bone	density	distribution,	 in	


















Eleven	 dogs	 had	 a	 CT	 scan	 at	 the	 time	 of	 diagnosis.	 Age	 at	 the	 time	 of	 diagnosis	
ranged	 from	 8	 to	 21	 months	 (mean	 13	 months).	 There	 were	 7	 male	 dogs	 and	 4	
females.	Eight	dogs	were	diagnosed	with	MTRT-OC	and	three	with	LTRT-OC.	For	two	
dogs	 with	 MTRT-OC	 a	 follow-up	 CT	 was	 available	 at	 11	 and	 14	 months	 after	
arthroscopic	treatment	of	the	lesion	(for	reasons	unrelated	to	this	study).	These	data	





For	 the	 dogs	 with	 MTRT-OC,	 all	 affected	 joints	 showed	 a	 lower	 density	 at	 the	
location	of	the	OC	lesion	at	the	level	of	the	medial	trochlear	ridge.	This	area	of	lower	
density	 is	surrounded	by	a	ring	of	 increased	density	(Figure	3).	Because	the	 lesions	


















normal	density	of	 that	 area,	based	on	healthy	 reference	 joints.	 This	diference	was	





	 	 Affected	 Contralateral	 p-value	
Mean	density		
(mg	HA/cm3)	
Proximal	view	 729.2	(67.4)	 819.4	(56.9)	 .001	
Dorsal	view	 757.4	(51.1)	 911.8	(44.7)	 .001	
Maximum	density	
(mg	HA/cm3)	
Proximal	view	 1112.3	(73.2)	 1154.	(61.5)	 .01	












MTRT-OC	 612.6	(88.4)	 780.7	(39.8)	 .00	










Note	 the	 appearance	 of	





















































Figure	 6.	 Densitogram	 of	 the	
talus	of	a	Labrador	with	MTRT-
OC.	 On	 the	 left	 the	
subchondral	 bone	 density	
distribution	 at	 the	 time	 of	













Figure	 7.	 Densitogram	 of	 the	
contralateral	 talus	 of	 a	
Labrador	 with	 MTRT-OC.	 On	
the	 left	 the	 subchondral	 bone	
density	distribution	at	the	time	











density	 area	 was	 the	 common	 finding	 in	 all	 affected	 joints.	 Osteochondrosis	 is	






compared	 to	 MTRT-OC	 lesions.	 The	 periphery	 of	 the	 lesion	 showed	 a	 very	 low	
density,	whilst	 the	central	part	of	 the	 lesion	showed	an	average	 to	high	density.	A	
high-density	 area	 was	 found	 adjacent	 to	 the	 lesion,	 medially	 at	 the	 level	 of	 the	
trochlea	talus.		
	
The	 different	 densitograms	 of	 MTRT-OC	 and	 LTRT-OC	 lesions	 support	 previous	
suggestions	 of	 a	 different	 etiology	 for	 both	 lesions	 29.	 The	 appearance	 of	 LTRT-OC	
lesions	is	more	a	transchondral	fracture	of	a	part	of	the	lateral	trochlear	ridge,	whilst	
the	 MTRT-OC	 lesions	 show	 an	 actual	 subchondral	 bone	 defect.	 In	 humans	 both	
osteochondrosis	 lesions	 and	 transchondral	 fractures	 are	 subsets	 of	 osteochondral	
lesions	 of	 the	 talus	 (OLT)	 30,31.	 A	 similar	 categorisation	 of	 joint	 pathology	may	 be	









affected	 joint.	 Tarsocrural	 osteochondrosis	 causes	 lameness	 located	 in	 the	 hind	
limbs,	and	thus	alters	joint	kinematics	and	joint	loading.	Changes	in	the	joint	loading	




and	 thus	 a	 longer	 stance	 phase	 and	 increased	 loading	 of	 the	 contralateral	 leg.	
Although	 these	 ‘mechanics’	of	 lameness	are	common	knowledge,	 these	data	show	
the	morphological	consequences	at	 the	 level	of	 the	subchondral	bone	plate.	These	
alterations	 in	 the	 contralateral	 joint	 were	 less	 obvious	 in	 dogs	 with	 LTRT-OC.	 A	
possible	 explanation	 is	 that	 dogs	with	 LTRT-OC	 usually	 have	 a	 shorter	 duration	 of	
lameness	 at	 the	 time	 of	 diagnosis	 29,	 and	 altered	 joint	 kinematics	 have	 not	 yet	




kinematics	 in	 dogs	 remains	 subject	 to	 further	 research,	 as	 it	 is	 currently	 unknown	
how	 quickly	 subchondral	 bone	 adaptations	 become	 visible	 after	 altered	 joint	
loading.		
	
Although	 the	 high-density	 area,	 in	 the	 follow-up	 scans	 of	 MTRT-OC	 lesions,	
surrounding	the	OC	 lesion	was	slightly	decreased	 in	density	 in	 the	 follow-up	scans,	
the	 high-density	 area	 still	 remains.	 An	 increased	 density	 may	 influence	 the	
regeneration	potential	at	 the	 level	of	 the	subchondral	bone	and	articular	cartilage,	
as	 it	 prevents	 the	 invasion	 of	 mesenchymal	 stem	 cells,	 and	 likely	 has	 a	 negative	
influence	on	the	repair	process	13,28.	The	effect	of	subchondral	bone	density	changes	
on	the	improvement	of	clinical	signs	and	the	progression	of	secondary	osteoarthrosis	
is	 subject	 to	 further	 research.	 In	 the	contra-lateral	 limb,	a	high-density	area	at	 the	
proximal	aspect	of	the	lateral	trochlear	ridge	remains	apparent,	which	is	not	seen	in	
the	 joints	 of	 healthy	 Labrador	 Retrievers	 19.	 It	 is	 possible	 residual	 lameness	 is	 the	





MTRT-OC	 shows	 significant	 abnormalities	 associated	with	 the	OC	 lesion	 itself,	 and	
secondary	 changes,	 also	present	 in	 the	 contralateral	 limb.	 It	 also	highlights	one	of	
the	important	advantages	of	CTOAM	in	the	field	of	canine	orthopaedic	research:	the	
ability	 to	 show	morphological	 changes	over	 time	 i.e.	 the	 longitudinal	evaluation	of	
subchondral	bone	density.	The	differences	between	dogs	with	MTRT-OC	and	LTRT-
OC	support	previous	suggestions	that	MTRT-OC	are	true	OC	lesions,	characterised	by	
a	 subchondral	 bone	 defect,	 and	 that	 LTRT-OC	 lesions	 have	 another	 ethiology,	 and	
are	possibly	transchondral	fractures,	as	commonly	seen	in	humans.		
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Background:	 Subchondral	 bone	 density	 distribution	 can	 be	 used	 to	 study	 joint	
biomechanics	 non-invasively.	 Differences	 in	 joint	 loading	 between	 related	 species	
can	aid	in	the	understanding	of	joint	loading,	and	the	development	of	certain	types	
of	orthopaedic	pathology.	This	study	was	conducted	to	evaluate	density	distribution	
in	 the	 subchondral	 bone	of	 the	 talus	 of	 different	Canidae	 species,	 as	 a	 parameter	
reflecting	the	long-term	joint	loading	in	the	tarsocrural	joint.		
	
Methods:	 The	 tarsal	 joints	 of	 cadaver	 dogs	 of	 different	 breeds	were	 included,	 i.e.	
German	 Shepherd	 (n=5),	 Bouvier	 des	 Flandres	 (n=3)	 and	 Labrador	Retriever	 (n=6).	
Additionally	golden	jackals	(n=5)	(Canis	aureus)	and	wolves	(n=5)	(Canis	lupus)	were	





talus	between	breeds	and	between	species	 (Canis	 familiaris,	Canis	 lupus	and	Canis	
Aureus).		
	
Conclusions:	 Based	 on	 the	 density	 distribution	 there	 are	 differences	 in	 loading	
conditions	of	 the	tarsocrural	 joint	 in	different	species	of	Canidae.	The	 joint	 loading	
distribution	 is	 very	 similar	 between	 dogs	 of	 the	 same	 breed	 and	within	 the	 same	







the	 evolution	 of	 specific	 gait	 patterns	 1.	 In	 primates,	 different	 types	 of	 locomotor	
behaviour	 such	 as	 bipedalism,	 quadrupedalism,	 and	 suspensory	 locomotion	 have	
been	studied	to	evaluate	limb-loading	regimes	1,2.	The	joint	loading	has	two	different	




7,8.	 However,	 these	 techniques	 require	 a	 certain	 degree	 of	 dissection,	 which	 will	
ultimately	 alter	 the	 joint	 kinematics,	 and	 by	 definition	 cannot	 be	 applied	 to	 living	
animals.		
	
The	 density	 distribution	 of	 the	 subchondral	 bone	 is	 the	 result	 of	 functional	
adaptation	 and	 provides	 an	 opportunity	 for	 non-invasive	 research	 of	 joint	 loading	
9,10.	As	demonstrated	in	different	species,	the	subchondral	bone	density	distribution	
is	 highly	 correlated	with	 joint	 loading	 and	 reflects	 the	 loading	 history	 of	 the	 joint	






All	 over	 the	 world,	 dogs	 (Canis	 familiaris)	 are	 represented	 in	 numerous	 different	
breeds,	 showing	 great	 phenotypic	 diversity	 (Figure	 1).	 Some	 of	 the	 most	 striking	
differences	are	seen	in	morphology,	but	they	also	exist	in,	for	instance,	behavioural	
traits	 14.	 The	 breed-specific	 morphology	 is	 also	 reflected	 in	 their	 locomotion	
characteristics	such	as	joint	kinematics	and	dynamics	15,16.	Although	the	differences	
in	 joint	 loading	 between	 dogs	 of	 different	 breeds	 will	 not	 be	 as	 big	 as	 between	
bipedal	 and	 quadrupedal	 primate	 species,	 or	 even	 between	 knuckle-walk	 and	
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Figure	 1.	 Different	 breeds	 showing	 the	 variation	 in	 conformation	 and	 general	





conditions	 in	 dogs,	 such	 as	 osteochondrosis,	 cranial	 cruciate	 ligament	 rupture	 and	





kind	 of	 conformational	 parameters	 are	 likely	 to	 influence	 joint	 loading,	 and	 thus	
influence	subchondral	bone	density	distribution.			
	




















(n=5),	 Bouvier	 des	 Flandres	 (n=3)	 and	 Labrador	 Retriever	 (n=6),	 euthanised	 for	





CT	 images	 were	 acquired	 from	 the	 tarsal	 joints	 using	 a	 4	 slice	 helical	 CT	 scanner	




Left	 and	 right	 tarsal	 joints	 were	 scanned	 simultaneously,	 with	 the	 tarsal	 joints	 in	
extension,	 according	 to	 patient	 protocol	 and	 previous	 publications	 13,25.	 Correct	





(Analyze	 11.0,	 Biomedical	 Imaging	 Resource,	 Mayo	 Foundation,	 Rochester,	 MN,	
USA),	used	to	complete	 the	CTOAM	workflow.	The	workflow	results	 in	an	articular	
surface	 representation	 of	 the	 underlying	 subchondral	 bone	 density,	 and	 has	 been	
described	in	detail	recently	13.	
	







right	 foot,	 medial	 view.	 Line	 of	 sight	 for	 the	 two	 3D	 reconstructions	 that	 are	











In	 the	 Labrador	 Retriever,	 two	 density	maxima	 can	 be	 seen,	 one	 proximal	 on	 the	
medial	 trochlear	 ridge	and	one	distal	on	 the	 lateral	 trochlear	 ridge.	 In	 the	German	
Shepherds,	also	two	density	maxima	are	present,	but	they	are	 located	at	the	distal	
aspect	of	the	lateral	and	medial	trochlear	ridge.	The	Bouviers	showed	a	large	density	





















trochlear	 ridges,	 with	 a	 large	 density	 maximum	 located	 on	 the	 medial	 trochlear	
ridge.	 The	 distal	 aspect	 of	 the	 lateral	 trochlear	 ridge	 shows	 an	 increased	 density,	













Proximal	view	 736.0	(46.3)	 705.4	(52.7)	 884.2	(48.2)	
Dorsal	view	 761.5	(36.9)	 781.4	(49.1)	 911.3	(62.8)	
Maximum	density	
(mg	HA/cm3)	
Proximal	view	 1122.2	(77.9)	 1084.4	(61.5)	 1291.5	(77.3)	
Dorsal	view	 1186.6	(78.0)	 1161.7	(47.9)	 1351.7	(81.4)	
Mean	density	and	maximum	density	(in	mg	hydroxyapatite/cm3).	Values	displayed	as	mean	(SD).		
	









Proximal	view	 736.0	(46.3)	 757.6	(46.1)	 784.9	(42.1)	
Dorsal	view	 761.5	(36.9)	 719.4	(48.8)	 745.4	(57.3)	
Maximum	density	
(mg	HA/cm3)	
Proximal	view	 1122.2	(77.9)	 1131.9	(71.4)	 1189.6	
(82.5)	













The	most	notable	difference	 is	 seen	between	 the	Labrador	Retrievers	and	German	
Shepherds.	In	the	latter,	two	density	maxima	are	located	at	the	distal	aspect	of	the	
medial	 and	 lateral	 trochlear	 ridge.	 The	 breed-specific	 conformation	 of	 this	 breed,	
especially	 with	 regards	 to	 the	 hind	 limb	 angulation,	 can	 easily	 explain	 the	
subchondral	bone	density	distribution	described	in	this	study	(Figure	4).	
	
Breed	 differences	 have	 also	 been	 reported	 for	 joint	 kinematics	 and	 kinetics	 15,16.	
Gross	differences	exist	 in	 the	 joint	moments	and	power	 in	 the	hip,	 stifle	and	hock	
joint	between	Labrador	Retrievers	and	Greyhounds	16.	This	will	reflect	on	the	muscle	
work	done	by	the	pelvic	limb	musculature,	which	is	an	important	component	of	joint	
loading,	 in	 addition	 to	 the	 effect	 of	 bodyweight	 and	 velocity.	 Therefore	 the	
hypothesis	of	this	study	was	a	between-breed	difference	in	joint	loading	at	the	level	
of	 the	 tarsocrural	 joint,	 which	 is	 reflected	 in	 the	 spatial	 characteristics	 of	 the	










	The	 subchondral	 bone	 density	 distribution	 of	 two	 of	 the	 closest	 relative	 of	 the	
domestic	dog,	 i.e.	 the	wolf	and	the	golden	 jackal,	also	showed	regional	differences	
between	the	different	Canidae.	How	these	differences	in	subchondral	bone	density	
distribution	 correlate	 to	 hind	 limb	 angulation,	 and	 locomotion	 behaviour	 remains	
subject	to	further	research.		
	
The	 functional	 anatomy	 of	 joints	 can	 be	 used	 to	 study	 joint	 biomechanics,	 and	 to	






marsupials	 26.	Although	 such	gross	differences	probably	will	 not	exist	between	 the	
domestic	dog	and	Canis	lupus	and	Canis	aureus,	the	same	underlying	form-function	
relationship	still	 applies.	Conformational	adaptations	 related	 to	specific	breeds	will	




highlights	 the	need	 for	breed-specific	biomechanical	data	 21.	 The	use	of	CTOAM	 in	
the	 evaluation	 of	 subchondral	 bone	 density	 distribution	 can	 play	 a	 central	 role	 in	
canine	 orthopaedic	 research,	 as	 CT	 data	 is	 more	 readily	 available	 than	 specific	
kinematic	or	kinetic	datasets.	By	 looking	beyond	the	domestic	dog,	 joint	pathology	










Cuboid	 Joint	 and	 Its	 Association	With	 Locomotor	Mode,	 Foot	 Posture,	 and	
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biomechanical	 field,	 a	 breed-specific	musculoskeletal	 model	 of	 Labrador	 Retriever	
hind	limb	and	pelvis	is	presented.	The	model	includes	7	segments	and	10	degrees	of	




Results:	 The	 musculoskeletal	 model	 can	 be	 used	 to	 calculate	 joint	 angles	 and	
moments,	 and	 to	estimate	muscle	moment	 arms,	muscle	 forces,	 and	 joint	 contact	
forces.		
	
Conclusions:	 The	 introduction	 of	 this	 breed-specific	 musculoskeletal	 model	 that	
allows	the	estimation	of	musculoskeletal	loading	provides	an	interesting	tool	for	the	
canine	biomechanical	research	community	and	contributes	towards	the	application	
of	musculoskeletal	models	 in	 canine	 biomechanical	 research.	 Because	 of	 its	 open-









Canine	 locomotive	 and	 biomechanical	 research	 has	 traditionally	 focused	 on	
evaluating	 both	 normal	 and	 pathological	 gait	 patterns,	 and	 the	 nature	 of	 these	
studies	 is	 mainly	 descriptive.	 The	 last	 decade,	 different	 types	 of	 gait	 and	 gait	
pathology	 have	 been	 described	 using	 kinematic	 analysis	 and	 the	 evaluation	 of	
ground	reaction	forces	1-4,	and	joint	moments	5-7.		
	
In	 human	 biomechanical	 research,	 musculoskeletal	 models	 have	 been	 used	 to	
investigate	 walking,	 jumping,	 climbing	 stairs,	 and	 numerous	 other	 day-to-day	
activities	8-11.	In	addition	to	normal	gait,	human	research	has	focused	on	underlying	
causes	 of	 abnormal	 gait	 12-15,	 as	 well	 as	 understanding	 the	 effect	 of	 medical	
interventions	16,17.		
	
A	 musculoskeletal	 model	 incorporates	 bone,	 muscle,	 and	 tendon	 geometry	 and	
segmental	 dynamic	 parameters.	 Using	 magnetic	 resonance	 imaging	 (MRI)	 or	
computed	tomography	(CT),	these	parameters	can	be	non-invasively	determined	18-
20.	 The	 model	 kinematics	 are	 driven	 by	 three	 dimensional	 (3D)	 marker	 data	 and	
ground	 reaction	 force	 data,	 measured	 experimentally.	 Based	 on	 these	 data,	 joint	
moments	 can	 be	 calculated	 using	 inverse	 dynamics	 analysis.	 When	 muscle	 force	





has	 recently	 been	 introduced	 in	 veterinary	 biomechanics	 as	 well.	 Biomechanical	
modelling	 techniques	 allow	 the	 calculation	 of	musculoskeletal	 loading	 in	 terms	 of	
muscle	 forces	 and	 joint	 contact	 forces,	 parameters	 that	 cannot	 be	measured	non-
invasively	 in	vivo	 21-24.	When	these	advances	are	applied	to	canine	biomechanics,	 it	







is	an	 important	cause	of	 lameness,	which	can	occurs	 in	different	 joints	and	 lesions	
develop	 in	 specific	 anatomical	 regions	 within	 the	 joint.	 It	 is	 considered	 to	 be	 a	
multifactorial	condition	in	which	both	genetic	and	environmental	factors	play	a	role	
25,26.	 Joint	 biomechanics	 is	 an	 environmental	 factor	 that	 is	 more	 and	 more	 often	
suggested	 to	 play	 an	 important	 role,	 since	 OC	 lesions	 are	 often	 found	 in	 specific	
locations	within	the	joint	27-31.	In	addition,	joint	loading,	more	specifically	the	tensile	
and	 compressive	 stresses,	 are	 predominant	 local	 factors	 affecting	 cartilage	 and	
subchondral	bone	physiology	and	pathology	32,33.		
	
Musculoskeletal	models	 have	 the	unique	potential	 to	 further	 elucidate	 the	 role	 of	
joint	loading.	Kinematic	and	kinetic	parameters	vary	with	different	gait	patterns,	and	
change	 in	 case	of	orthopaedic	pathology	 2,3,34.	But	more	 importantly,	 gait	patterns	
and	 ground	 reaction	 forces	 also	 vary	 widely	 with	 different	 breeds	 2,35.	 Bone	
geometry,	muscle	moment	 arms,	 and	 joint	moments	 are	 also	 likely	 to	 vary,	 since	
they	are	largely	dependent	on	breed-specific	anatomy	and	(joint)	conformation	35,36.	
In	 addition,	 different	 orthopaedic	 pathologies	 show	 a	 breed	 predisposition,	 and	
general	morphology	and	joint	biomechanics	are	likely	to	make	certain	breeds	more	
susceptible	 for	 specific	 conditions,	 such	 as	 osteochondrosis,	 or	 cranial	 cruciate	
ligament	 rupture.	 Therefore	 it	 is	 necessary	 to	 invest	 in	 research	 on	 breed	 specific	
morphological	 and	 biomechanical	 data,	 i.e.	 kinematic	 and	 kinetic	 gait	 parameters.	
Biomechanical	 research	 is	 a	 valuable	 tool	 in	 the	 understanding	 of	 different	
orthopaedic	conditions	37.	
	
In	 this	 paper	we	 present	 a	 three-dimensional	musculoskeletal	model	 of	 the	 pelvis	
and	hind	limbs	of	a	Labrador	Retriever	allowing	the	study	of	musculoskeletal	loading.	
To	 the	 authors’	 knowledge,	 no	 breed-specific	musculoskeletal	model	 exists	 so	 far.	








different	 kinematic	and	kinetic	 analysis	methods	used	 in	 this	 study	 is	presented	 in	
Figure	1.	The	 study	was	approved	by	 the	 local	ethical	 committee	of	 the	Faculty	of	
Veterinary	 Medicine,	 Ghent	 University	 (approval	 nr.	 EC2011/193)	 and	 informed	
owner	consent	was	obtained.	
	
The	 model	 was	 constructed	 using	 OpenSim,	 an	 open-source,	 biomechanical	
simulation	software	that	was	originally	developed	for	human	research	38.	All	model	
files	as	well	as	the	input	data	are	available	at	www.simtk.org	for	other	researchers.	
To	 illustrate	the	current	possibilities	of	the	model,	 the	 joint	angles,	 joint	moments,	






Dog Sex Weight Age 
1 Male 21 18 months 
2 Male 23 18 months 
3 Male 23 22 months 
4 Female 21 22 months 
5 Female 20 19 months 
6 Male 25 22 months 






from	 marker	 and	 ground	 reaction	 force	 (GRF)	 data,	 calculations	 for	 inverse	







a	 healthy	 adult	 (2,5	 years	 old,	 24	 kg)	 male	 Labrador	 Retriever.	 Under	 general	
anaesthesia,	CT	images	were	acquired	using	a	4	slice	helical	CT	scanner	(Lightspeed	
Qx/i,	General	Electric	Medical	Systems,	Milwaukee,	WI).	The	dog	was	positioned	 in	
ventral	 recumbency	with	 the	 stifle	 and	 tarsal	 joints	 in	 extension	 and	 images	were	
aquired	 from	 the	 fifth	 lumbar	 vertebra	 (L5)	 till	 the	 distal	 tip	 of	 the	 phalanges,	 to	
include	the	pelvis,	femur,	patella,	tibia	and	fibula,	tarsal	and	metatarsal	bones,	and	
the	phalanges.	The	CT	parameters	were	120	kVp	and	300	mAs.	Contiguous,	1,25	mm	





elements	 were	 segmented	 individually	 using	 a	 combination	 of	 thresholding	 and	
manual	segmentation,	and	were	exported	as	STL	(Stereolithography)	files.	
	
Functionally,	 the	musculoskeletal	model	 consists	 of	 a	mechanical	 linkage	 of	 seven	
segments,	i.e.	pelvis,	left	and	right	femur,	left	and	right	tibia,	and	left	and	right	foot	
segment.	To	ensure	symmetrical	bone	geometry,	the	left	leg	was	mirrored	from	the	
right	 leg.	 The	 model	 contains	 10	 degrees	 of	 freedom	 (DOF,	 Table	 2)	 and	 local	
coordinate	 systems	 (LCS)	 for	 each	 segment	 were	 defined	 (Table	 3	 and	 Figure	 2)	




























the	 femur.	 The	 translations	 of	 the	 tibial	 plateau	were	 determined	 visually	 so	 that	
they	 followed	the	 femoral	condyles	during	 flexion	and	extension	of	 the	stifle	 joint.	
The	 movement	 of	 the	 patella	 was	 implemented	 similarly,	 to	 allow	 the	 patella	 to	










	 y	 The	line	connecting	the	midpoint	of	the	centre	of	the	 left	and	
right	femoral	head	and	the	origin	





	 y	 The	 line	 through	 the	 centre	 of	 the	 femoral	 head	 and	 the	
midpoint	between	the	lateral	and	medial	femoral	epicondyle	
	 z	 Line	 parallel	 to	 the	 line	 connecting	 the	 lateral	 and	 medial	
femoral	epicondyle	(Flexion-Extension	axis)	
	 	 	
Tibia	 Origin	 The	 midpoint	 between	 the	 lateral	 and	 medial	 femoral	
epicondyle	
	 x	 Cross-product	of	the	y-	and	z-axis	
	 y	 The	 line	 connecting	 the	 midpoint	 between	 the	 lateral	 and	
medial	malleolus	and	the	origin	



















parameters	 for	 the	model	were	 determined	 based	 on	 the	 CT	 data	 set	 in	 order	 to	
obtain	a	concise	data	set.	Three	different	tissues	were	segmented,	i.e.	bone,	fat,	and	
other	soft	tissue	(mainly	muscle)	for	the	four	different	segments	and	density	values	
were	 assigned	 according	 to	 values	 based	 on	 literature	 (bone	 1,7	 g/mm3,	 fat	 0,9	
g/mm3,	others	1.18	g/mm3)	20.	The	segmented	images	were	exported	as	STL	files	and	






Muscle-tendon	 units	were	 defined	 by	 their	muscle	 path	 and	 their	maximum	 force	
generating	capacity.	All	muscles	with	a	moment	arm	acting	on	the	hip,	stifle,	or	hock	
joint	 were	 included,	 leading	 to	 a	 total	 of	 39	 muscle-tendon	 units	 on	 each	 side	
represented	in	the	model.	The	origin	and	insertion	of	each	muscle	path	were	based	
on	 published	 anatomical	 data	 40,41	 and	 were	 manually	 adjusted	 based	 on	 the	 CT	
images.	Care	was	taken	to	position	the	origin	and	insertion	as	close	to	the	centre	of	
the	attachment	area	as	possible.	The	intrinsic	muscles	of	the	foot	were	not	modelled	
because	 the	 tarso-metatarsal	 and	metatarsal-phalangeal	 joints	were	 locked	 in	 the	
current	model.	
	
To	 maintain	 anatomically	 correct	 muscle	 paths	 throughout	 the	 full	 limb	 range	 of	
motion,	 via-points	were	 used	where	 judged	 appropriate	 by	 the	 authors	 (Table	 4).	
The	definition	of	muscle	paths	is	used	in	the	calculation	of	muscle-tendon	length	and	
muscle	moment	 arm,	which	have	been	described	 in	 detail	 previously	 42.	 These	 via	
points	 constrain	 the	muscle	path,	mimicking	 the	 function	of	 soft	 tissue	constraints	
43,44.	 	For	instance,	the	tendon	of	the	long	digital	extensor	muscle	runs	through	the	
proximal	and	distal	extensor	retinaculum.	Both	conditional	and	unconditional	(fixed)	




















































The	 muscles	 were	 modelled	 as	 actuators	 with	 one	 input	 parameter,	 i.e.	 maximal	
muscle	force.	The	maximal	muscle	force	was	based	on	physical	cross-sectional	area	




Kinematic	 and	 kinetic	 data	 were	 collected	 simultaneously	 from	 8	 healthy,	 adult	
Labrador	 Retrievers	 at	 trot	 (informed	 owner	 consent	 was	 obtained	 in	 all	 cases).	
Kinematic	data	was	collected	using	a	ten	camera	VICON	system	(250	Hz),	measuring	
the	three	dimensional	movement	of	retroflective	markers	placed	on	the	hind	limb	at	
different	 bony	 landmarks.	 Marker	 locations	 were	 chosen	 based	 on	 anatomical	
landmarks	and	placement	repeatability	(Figure	2),	as	well	as	previous	publications	39.	
For	the	pelvis,	femur	and	tibia	segment,	an	additional	cluster	of	markers	was	used.	
This	 cluster	 consists	 of	 3	markers	 in	 a	 fixed	 triangular	 configuration	 and	 provides	
additional	 kinematic	 data	 for	 these	 segments.	 Kinetic	 data,	 more	 specifically	 the	
ground	 reaction	 forces	 in	 three	 directions,	 was	 collected	 using	 three	 AMTI	 force	










Figure	 3.	 A	 –	 Marker	 placement	 on	 the	 dog	 hind	 limbs.	 Individual	 markers	 were	
placed	on	bony	landmarks,	and	clustered	markers	in	a	triangular	configuration	were	
added	 to	 the	 pelvis,	 thigh	 and	 tibia	 segments.	 B	 –	 Marker	 data	 labelled	 and	





















The	 inverse	 kinematics	 (IK)	 workflow	 available	 in	 OpenSim	 matches	 the	 model	





The	 inverse	 dynamics	 (ID)	 workflow	 calculates	 the	 joint	 moments	 based	 on	 the	




𝑀 𝑞 𝑞 + 𝐶 𝑞, 𝑞 +  𝐺 𝑞 = 𝜏	
	
𝑞, 𝑞, 𝑞 ∈ 𝑅!		 	 vectors	of	the	positions,	velocities	and	accelerations	
𝑀(𝑞) ∈ 𝑅!"!			 system	mass	matrix	
𝐶(𝑞, 𝑞) ∈ 𝑅!	 	 vector	of	Coriollis	and	centrifugal	forces	
𝐺(𝑞) ∈ 𝑅!	 	 vector	of	gravitational	forces	
𝜏 ∈ 𝑅!		 	 vector	of	generalized	forces	
In	the	ID	workflow,	the	known	motion	of	the	model	is	used	to	solve	for	the	unknown	
generalized	 forces	 (𝜏).	 Assumptions	 during	 the	 execution	 of	 the	 inverse	 dynamics	
(ID)	workflow	are	a	constant	mass	and	 length,	a	 fixed	center	of	mass	and	constant	













The	 standard	 static	 optimization	 (SO)	 protocol	 available	 in	 OpenSim	 was	 used.	




































The	hip	 joint	displays	a	gradual	extension	 throughout	 the	stance	phase,	 starting	at	
the	last	quarter	of	the	swing	phase.	In	the	beginning	of	the	swing	phase,	there	is	a	
rapid	 joint	 flexion	 (Figure	 4).	 The	 first	 50-80%	 of	 the	 stance	 phase	 there	 is	 a	 net	
extensor	 moment	 present	 at	 the	 level	 of	 the	 hip.	 The	 gluteus	 muscles,	
semimembranosus,	and	biceps	femoris	muscle	are	the	major	contributors	in	addition	
to	 the	 semitendinosus	 and	 adductor	 muscle.	 In	 the	 remaining	 part	 of	 the	 stance	
















During	 the	 stance	 phase	 there	 is	 joint	 flexion	 from	 30	 –	 50	 degrees	 of	 flexion,	
followed	 by	 an	 extension	 phase	 (Figure	 4).	 Maximum	 joint	 flexion	 (around	 80	
degrees)	 is	 present	 in	 the	 mid-swing	 phase,	 followed	 by	 maximum	 extension	 (30	
degrees)	 at	 the	 end	 of	 the	 swing	 phase.	 The	 flexion	 angle	 during	 stance	 phase	 is	


























































pelvic	 limb	 moments	 48.	 Existing	 differences	 in	 joint	 moments	 can	 be	 (partially)	
attributed	 to	 breed-specific	 anatomy	 35,	 confirming	 the	 need	 for	 breed-specific	
musculoskeletal	models.	
	
Unfortunately,	 no	 in	 vivo	 experimental	 data	 is	 available	 in	 canine	 literature	 to	
validate	 the	 model.	 In	 general,	 mathematical	 models	 are	 used	 to	 estimate	
parameters	that	are	difficult	or	impossible	to	measure	 in	vivo,	either	due	to	ethical	
considerations	 or	 technical	 and	 practical	 difficulties	 49.	 In	 human	 biomechanical	
research,	 results	 from	 instrumented	 prostheses	 have	 been	 used	 to	 validate	
musculoskeletal	models	 and	 simulations	 50,51.	 Electromyography	 (EMG)	 data	 could	
have	 been	 beneficial	 to	 evaluate	 muscle	 activation	 patterns	 and	 muscle	 force	
estimates,	but	was	not	included	in	the	current	study	due	to	practical	limitations.	The	






the	 range	 of	 motion	 in	 the	 other	 DOF	 is	 limited.	 The	 metatarsal-phalangeal	 and	
interphalangeal	 joints	were	 locked	 in	 this	model,	 so	 the	 tarsal	 and	 foot	 bones	 are	
one	 segment.	 Different	 DOF	 joints	 at	 this	 level	 can	 be	 incorporated	 in	 the	 future.	
CHAPTER	10	
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and/or	hock	 joint	were	 incorporated	 in	 the	model.	 In	current	 literature	there	 is	no	














force,	 optimal	 muscle	 fiber	 length,	 tendon	 slack	 length,	 maximum	 contraction	
velocity,	 and	 pennation	 angle	 for	 each	 muscle.	 These	 parameters	 are	 currently	
unavailable	 in	 canine	 literature,	 and	 are	 therefore	not	 incorporated	 in	 the	 current	
musculoskeletal	model.	The	nature	of	 the	model	and	the	used	platform	(OpenSim)	
allows	 future	 incorporation	 of	 more	 realistic	 muscle	 models	 based	 on	 more	
elaborate	input	parameters.	Similarly,	no	ligaments	were	incorporated	in	the	model,	







placed	 on	 palpable	 anatomical	 landmarks.	 This	 way,	marker	 placement	 errors	 are	
reduced	 to	 a	 minimum.	 Further	 analysis	 of	 the	 effects	 of	 marker	 placement	
variability	was	 not	 conducted	 in	 this	 study.	 In	 addition	 to	marker	 placement,	 skin	
motion	 artefacts	 or	 soft	 tissue	 artefacts	 (STAs)	 can	 also	 influence	 the	 acquired	
kinematic	 data	 54.	 However,	 joint	 kinematics	 were	 calculated	 using	 an	 inverse	






improve	 joint	 kinematics	 based	 on	 measured	 joint	 kinematics,	 joint	 anatomy	 and	
contact	 surface	area	 55,56.	 In	addition	 the	model	 can	be	used	 in	 research	on	multi-





has	 been	 discussed	 above.	 At	 this	 point	 the	model	 can	 be	 used	 to	 calculate	 joint	
angles	 and	 moments	 and	 to	 estimate	 muscle	 moments,	 lengths,	 and	 forces.	 The	
latter	are	parameters	that	are	difficult,	 if	not	impossible	to	measure	 in	vivo.	Future	
improvements	to	the	current	model	can	be	done	as	more	input	parameters	become	
available.	 These	 improvements	 include	 muscle	 specific	 parameters	 leading	 to	 the	
incorporation	of	a	Hill-type	muscle	model	and	 joint	 ligaments.	The	use	of	 fine	wire	
EMG	 may	 be	 useful	 in	 the	 validation	 of	 muscle	 activation	 patterns	 and	 force	
estimations	 of	 this	 model.	 The	 main	 application	 of	 this	 model	 will	 lay	 in	 the	
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With	 finite-element	 analysis	 (FEA)	 the	mechanical	 behaviour	 of	 complex	 biological	
structures	can	be	studied.	It	can	provide	an	approximation	of	the	strains	and	stresses	
in	 structures	 with	 complex	 geometry	 by	 dividing	 it	 into	 smaller	 elements	 with	 a	
simple	geometry	1,2.	Stress	(σ)	is	the	force	per	unit	area	(F/A),	while	strain	(ε)	is	the	
deformation	that	is	the	result	of	the	loading	force	(measured	in	N)	and	is	defined	as	
(ΔL/L)	 2,3.	 Bones	 have	 the	 ability	 to	 adapt	 to	 their	 mechanical	 environment,	
influencing	 the	bone	material	properties.	Bone	modeling	and	remodeling	 is	guided	
by	 the	 loading	of	 bones	 and	 the	 resulting	 local	 stresses	 and	 strains.	 This	 ability	 to	
adapt	 is	 generally	 summarized	 as	 ‘bone	 functional	 adaptation’	 and	 implies	 the	
organisms’	 ability	 to	 adapt	 the	 supporting	 structure,	 i.e.	 bones,	 to	 environmental	




and	 Poisson’s	 ratio),	 together	 with	 structural	 parameters,	 such	 as	 trabecular	
orientation,	 determine	 the	 resulting	 magnitude,	 direction	 and	 orientation	 of	 the	




aspect	 of	 musculoskeletal	 research	 6,	 FEA	 has	 been	 applied	 to	 various	 different	
research	 topics	 in	 this	 area	 such	 as	 canine	 hip	 implants	 and	 equine	 hoof	
biomechanics	 7,8.	 It	 has	 the	 potential	 to	 greatly	 improve	 our	 understanding	 of	 the	
form-function	 relationship	 and	 mechanism	 of	 injury	 in	 for	 instance	 fracture	






















voxel	 size	was	 0.065411	mm.	 A	 total	 of	 1806	 images	were	 reconstructed	with	 an	
average	scanning	time	of	1.188	s	per	slice.		
	
















Figure	 1.	 The	workflow	used	 in	 the	 creation	of	 the	breed-specific	 FE	model	of	 the	
tarsocrural	joint.	A)	Segmentation	of	micro-CT	images	and	creation	of	3D	models	of	
the	individual	parts.	B)	Full	3D	model	of	the	tarsocrural	joint.	C)	Creation	of	surface	
meshes	 from	 the	 3D	 geometry.	 D)	 Creation	 of	 cartilage	 meshes	 of	 the	 talus	 and	













































to	get	a	perfectly	matched	 surface	 for	 these	 surface	pairs.	 The	 contact	pair	of	 the	
tibia	 and	 talus	 cartilage	 were	 adjusted	 for	 overclosure	 (penetration	 of	 the	 slave	
surface	into	the	master	surface)	and	the	slave	surface	(tibia	cartilage)	was	adjusted	




The	 loading	 conditions	 on	 the	 hock	 joint	 can	 be	 derived	 from	 musculoskeletal	










When	 completely	operational,	 the	 finite	 element	model	presented	here	offers	 the	
opportunity	 to	 study	 the	 effect	 of	 different	 loading	 conditions	 on	 the	 stress	 and	
strain	distribution	at	the	level	of	the	subchondral	bone	and	cartilage.		
	
However,	 extensive	 sensitivity	 testing	 of	 parameters	 such	 as	 material	 properties,	
boundary	 conditions	 and	 loading	 conditions	 is	 necessary	 before	 the	model	 can	 be	
applied	to	answer	the	research	questions	 it	was	designed	for.	Sensitivity	analysis	 is	
aimed	 at	 identifying	 and	 quantifying	 the	 effect	 of	 parameter	 variation.	 There	 will	
always	be	uncertainties	within	the	model,	compared	to	the	true	biological	system	it	
is	 modelled	 after,	 and	 sensitivity	 analysis	 can	 show	 the	 effect	 of	 these	 input	
uncertainties	on	the	model	output	10.	
	









Secondly,	 the	 mechanical	 behaviour	 has	 to	 be	 modelled	 adequately	 11,14.	 The	
mechanical	 behaviour,	 reflected	 in	 the	 material	 properties,	 is	 one	 of	 the	 most	
important	input	parameters	and	is	the	subject	of	numerous	research	papers	14-18.	It	
can	 range	 from	 simple	 isotropic	 material	 properties	 to	 complex	 anisotropic	
properties,	 and	 can	 be	modelled	 with	 regional	 variations	 2,6,15.	 The	 assignment	 of	
bone	 material	 properties	 can	 be	 done	 in	 three	 different	 ways,	 i.e.	 homogenous,	
cortical	and	trabecular	bone,	and	heterogenous	material	properties	17,18.	The	latter	is	




linear	 relationship	 equations	 have	 not	 been	 described	 for	 canine	 bone,	 equations	
from	human	biomechanics	can	be	used.	In	the	current	model,	the	use	of	HU	based	
equations	 is	 not	 possible	 because	 the	microCT	 scan	 output	 is	 in	 TIFF	 images,	 not	
containing	 the	 density	 values	 like	 the	 classic	 DICOM	 format	 from	 conventional	 CT	
scanners.	Thus	for	this	model,	the	assignment	of	material	properties	is	restricted	to	
either	 completely	 homogenous	 material	 or	 separation	 of	 cortical	 and	 trabecular	
bone.		
	
The	 modeling	 approach	 when	 it	 comes	 to	 the	 elastic	 properties	 of	 the	 model	
depends	 on	 the	 research	 question.	 The	 goal	 here	 is	 to	 analyse	 gross	 patterns	 of	










orientation	 of	 the	muscle.	 The	most	 accurate,	 yet	 complex	 approach	would	 be	 to	
model	muscle	 fibers	 and	 to	 spread	 the	 load	over	 the	entire	origin	 and	 insertion	 2.	
However,	to	start,	muscles	can	be	incorporated	with	a	point	of	origin	and	insertion,	
and	 the	 direction	 of	 the	 applied	 force	 follows	 the	 line	 connecting	 the	 origin	 and	
insertion	of	the	specific	muscle.	These	data	can	be	derived	from	the	musculoskeletal	
model	(Chapter	8).	Similarly	the	load	magnitude	can	be	divided	over	different	muscle	







And	 lastly,	 the	 volume	 mesh	 and	 the	 shape	 of	 the	 elements	 have	 to	 allow	 the	
numerical	solution	to	the	FE	problem	10,11,21.	For	the	current	model,	the	meshing	and	
modeling	of	 contact-pairs	has	proven	 to	be	challenging,	especially	at	 the	cartilage-
cartilage	interface	between	the	distal	tibia	and	proximal	talus.	All	volume	meshes	in	
the	model	 are	 constructed	with	 four	 node	 tetrahedron	 (tet4)	 elements.	 However,	
the	 current	 contact	 definitions	 do	 not	 prevent	 the	 development	 of	 unfavorable,	
distorted	element	configurations	leading	to	a	disturbance	in	the	numerical	accuracy	
of	the	model	11,21.	Material	properties	of	the	cartilage	will	also	play	an	important	role	








1.			 Marinescu	 R,	 Daegling	 DJ,	 Rapoff	 AJ:	 Finite-element	 modeling	 of	 the	
anthropoid	mandible:	The	effects	of	altered	boundary	conditions.	Anatomical	
Record	 Part	 A-Discoveries	 in	 Molecular	 Cellular	 and	 Evolutionary	 Biology	
283A:300-309,	2005.	
	
2.			 Richmond	 BG,	 Wright	 BW,	 Grosse	 L,	 et	 al:	 Finite	 element	 analysis	 in	




evolution	 of	 living	 and	 fossil	 organisms,	 in	 Annual	 Review	 of	 Earth	 and	
Planetary	Sciences,	Vol	35.	Palo	Alto,	Annual	Reviews,	2007,	pp	541-576.	
	







6.			 Ross	 CF:	 Finite	 element	 analysis	 in	 vertebrate	 biomechanics.	 Anatomical	




the	 effect	 of	 shoe-wearing	 on	 the	 biomechanics	 of	 a	 horse's	 foot.	 Peerj	 4,	
2016.	
	
8.			 Shahar	 R,	 Banks-Sills	 L,	 Eliasy	 R:	 Mechanics	 of	 the	 canine	 femur	 with	 two	
types	 of	 hip	 replacement	 stems	 -	 Finite	 element	 analysis.	 Veterinary	 and	
Comparative	Orthopaedics	and	Traumatology	16:145-152,	2003.	
	
9.			 Harrison	 SM,	Whitton	RC,	 Kawcak	CE,	 et	 al:	 Evaluation	of	 a	 subject-specific	






11.			 Viceconti	M,	Davinelli	M,	 Taddei	 F,	 et	 al:	Automatic	 generation	of	 accurate	






cortical	 width	 and	 density:	 the	 influence	 of	 object	 size	 and	 CT	 imaging	
parameters.	Physics	in	Medicine	and	Biology	44:751-764,	1999.	
	







15.			 Strait	 DS,	Wang	 Q,	 Dechow	 PC,	 et	 al:	 Modeling	 elastic	 properties	 in	 finite	
element	 analysis:	 How	 much	 precision	 is	 needed	 to	 produce	 an	 accurate	
model?	 Anatomical	 Record	 Part	 a-Discoveries	 in	 Molecular	 Cellular	 and	
Evolutionary	Biology	283A:275-287,	2005.	
	
16.			 Cheung	 JTM,	 Zhang	M,	 Leung	 AKL,	 et	 al:	 Three-dimensional	 finite	 element	












Heterogeneous	 Properties	 of	 the	 Mandibular	 Bone.	 Journal	 of	 Craniofacial	
Surgery	24:405-410,	2013.	
	




21.			 Polgar	 K,	 Viceconti	 M,	 O'Connor	 JJ:	 A	 comparison	 between	 automatically	





















The	 general	 aim	 of	 this	 PhD	 is	 to	 gain	 more	 insight	 in	 the	 role	 of	 biomechanical	
loading	 in	 the	development	of	osteochondrosis	 in	dogs.	Due	 to	 feasibility	 reasons,	
the	 majority	 of	 this	 work	 focuses	 on	 the	 tarsocrural	 joint.	 Two	 complementary	
methods	were	used	to	evaluate	 joint	 loading	 in	the	tarsocrural	 joint:	1)	an	 indirect	
method	 through	 the	 evaluation	 of	 subchondral	 bone	 density	 distribution	 using	
CTOAM,	 and	 2)	 a	 direct	method	 through	 the	 evaluation	 of	 joint	 loading	 and	 joint	




onset	 of	 OC,	 therefore	 a	 strong	 correlation	 will	 be	 found	 between	 a	 high,	






In	 pigs	 it	 has	 been	 found	 that	 the	 location	 of	 cartilage	 canal	 necrosis	 is	 at	 the	
cartilage-bone	 interface.	 It	 is	 in	 this	 region,	 where	 the	 cartilage	 canals	 cross	 the	




The	 local	 disruption	 and	 subsequent	 ischemic	 necrosis	 also	 explains	 the	 site	
specificity	 of	 osteochondrosis	 lesions	 1.	 This	 site	 specificity	 is	 also	 seen	within	 the	
canine	 tarsocrural	 joint,	where	OC	 lesions	 can	be	divided	 in	medial	 trochlear	 ridge	
tarsocrural	 osteochondrosis	 (MTRT-OC)	 and	 lateral	 trochlear	 ridge	 tarsocrural	
osteochondrosis	(LTRT-OC).	Although	both	MTRT-OC	and	LTRT-OC	are	considered	to	














the	 site-specificity	 of	 canine	 osteochondrosis.	 Repeated	 bone	 strains	 can	 cause	
microscopic	damage:	 if	the	strains	exceed	the	repair	threshold,	the	damage	can	no	
longer	be	repaired	by	remodeling,	and	starts	to	accumulate	8.	Thus	micro	damage	or	
micro	 trauma	 is	more	 likely	 to	 occur	 in	 areas	 that	 undergo	 higher	 loads,	 as	 these	
have	a	higher	chance	of	exceeding	the	repair	threshold.	Secondly,	the	site	specificity	
of	 osteochondral	 lesions	 can,	 in	 part,	 be	 attributed	 to	 the	 morphology	 and	




The	 application	 of	 CTOAM	 to	 the	 tarsocrural	 joint	 of	 healthy	 Labrador	 Retrievers	
shows	regional	differences	in	subchondral	bone	density	distribution	on	the	articular	
surface	 of	 the	 talus,	 consistent	 between	 different	 dogs	 of	 the	 same	 breed.	 Two	
density	 maxima,	 one	 at	 the	 proximal	 part	 of	 the	medial	 trochlear	 ridge,	 and	 one	
more	distally	 on	 the	 lateral	 trochlear	 ridge	 characterise	 the	density	 distribution	of	









It	 is	 important	 to	note	that	 these	spatial	variations	are	reflected	 in	 the	mechanical	
characteristics	 of	 the	 subchondral	 bone	 plate.	 Indentation	 testing	 demonstrates	
similar	 regional	 variations	 and	 a	 high	 correlation	 (mean	 coefficient	 of	 variation	 of	
0.89)	 between	 the	 density	 values	 and	 the	 measured	 mechanical	 strength	 at	 the	





this	 might	 play	 a	 role	 in	 the	 development	 of	 joint	 pathology	 such	 as	 OC.	 More	
specifically,	a	mismatch	in	functional	properties	between	the	underlying	subchondral	
bone	plate	and	overlying	articular	cartilage	may	increase	the	chance	of	lesions	to	the	
cartilage	canals	at	 the	chondro-osseous	 junction,	as	 their	 response	 to	 joint	 loading	
will	 differ.	 A	 second	 way	 subchondral	 bone	 changes	 can	 play	 a	 role	 in	 the	
development	 of	 osteochondrosis	 is	 in	 the	 progression	 of	 subclinical	 osteochondral	
lesions	 to	 clinical	 osteochondrosis	 dissecans	 lesions.	 This	 progression	 is	 due	 to	
rupture	of	the	overlying	joint	cartilage	and	the	formation	of	a	cartilage	flap	or	loose	
fragment,	 and	 is	 more	 likely	 when	 the	 articular	 cartilage	 is	 more	 vulnerable	 to	
loading	due	to	subchondral	bone	changes	11.		
	
Another	 clinical	 characteristic	 of	 osteochondrosis	 is	 the	 time	 frame	 of	 6	 to	 12	
months	 of	 age,	 in	 which	 symptoms	 usually	 occur	 12,13.	 Although	 the	 initial	 lesions	
most	likely	develop	at	an	earlier	age,	it	is	important	to	note	that	the	lesions	occur	in	




manifesta,	 occurs	 within	 a	 specific	 time	 window.	 However,	 the	 progression	 of	 an	







non-invasively.	 When	 comparing	 the	 density	 distribution	 at	 8	 and	 22	 months	 in	
healthy	Labrador	Retrievers	(Chapter	7),	the	location	of	the	density	maxima	does	not	
differ	 significantly,	 implying	 that	 the	 loading	 distribution	 remains	 similar	 during	
growth.	 The	 ‘mismatch’	 between	 the	 onset	 of	 clinical	 signs	 and	 the	 initial	
development	of	 the	OC	 lesions	 is	explained	by	the	 fact	 that	 initial	 formation	of	OC	









frame	 the	 cartilage	 canal	 vessels	 are	 most	 vulnerable	 to	 damage,	 the	 areas	 of	
maximum	 loading	 are	 similar	 to	 those	 found	 in	 adult	 dogs.	 This	 supports	 previous	
suggestions	 that	 biomechanical	 loading	 and	 repetitive	 micro	 damage	 play	 an	
important	role	in	the	development	and	progression	of	canine	OC.	Additionally,	this	is	
the	first	prospective,	long-term	follow-up	study	of	subchondral	bone	density	in	dogs.	
Using	 the	 non-invasive	 methodology	 of	 CTOAM	multiple	 follow-up	 studies	 of	 the	
same	subjects	are	possible.		
	
The	 density	 maximum	 on	 the	 lateral	 trochlear	 ridge	 is	 larger	 and	 shows	 more	
variation	compared	to	the	medial	trochlear	ridge	(Chapter	5).	Interestingly,	the	LTRT-
OC	lesions	are	also	 larger	 in	comparison	with	MTRT-OC	lesions	and	display	a	 larger	
variation	 in	 size	 (Chapter	 3).	 Furthermore,	when	 looking	 at	 the	 subchondral	 bone	
density	 distribution,	 dogs	with	MTRT-OC	 lesions	 show	 typical	 changes	 that	 can	 be	
attributed	 to	 a	 true	 subchondral	 bone	 defect	 (Chapter	 8),	 which	 is	 the	 classic	
definition	 of	 osteochondrosis	 dissecans.	 In	 LTRT-OC	 lesions,	 a	 different	 density	
distribution	 is	 seen,	 representing	 a	 transchondral	 fracture	 rather	 than	 a	 true	
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The	 differences	 seen	 in	 subchondral	 bone	 density	 distribution	 between	 different	
breeds	 (Chapter	 9)	 highlight	 that	 differences	 in	 joint	 loading	 do	 exist.	 The	 wild	
Canidae	that	were	included	in	the	comparison	are	the	closest	living	relatives	of	the	
domestic	 dog.	 These	 kind	 of	 comparative	 studies	 can	 aid	 in	 the	 understanding	 of	
joint	pathology	 in	general,	and	 the	breed	predisposition	seen	 in	many	orthopaedic	
condition	in	specific.	Since	conformation	and	joint	loading	are	closely	connected,	and	




Based	 on	 these	 results,	 it	 can	 be	 concluded	 that	 the	 location	 of	 the	 OC	 lesions	
correlates	 to	 density	 maxima	 found	 on	 the	 trochlear	 subchondral	 bone	 plate,	




The	 chapters	discussed	above	are	based	on	 the	 application	of	 CTOAM	 to	evaluate	
subchondral	 bone	 density	 distribution	 of	 a	 joint,	 which	 is	 an	 indirect	 way	 of	
evaluating	joint	loading.	However,	joint	loading	can	also	be	evaluated	directly,	using	
pressure	 films	 (invasive	 technique)	 or	 musculoskeletal	 modeling.	 The	 use	 of	
musculoskeletal	 models	 (Chapter	 10)	 provides	 the	 opportunity	 to	 study	 canine	
locomotion	 in	 more	 detail	 and	 has	 the	 potential	 to	 change	 the	 way	 orthopaedic	
conditions	 are	 diagnosed,	 to	 aid	 the	 veterinary	 surgeon	 in	 decision-making,	 to	
prevent	 certain	 orthopaedic	 injuries,	 and	 to	 improve	 the	 design	 of	 orthopaedic	
implants,	 as	 they	 can	 be	 tailored	 towards	 the	 dogs’,	 or	 at	 least	 breeds’,	 specific	
biomechanical	 needs	 17.	 The	 in	 vivo	 study	of	 joint	biomechanics	have	 included	 the	
evaluation	of	kinetic	and	kinematic	parameters	using	marker	data	and	force	plates	18-
20	 and	 more	 recently	 joint	 moments	 using	 inverse	 dynamics	 analysis	 21-23.	 The	
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transfer	 of	 these	 advanced	 biomechanical	 modeling	 techniques	 from	 human	 to	
veterinary	biomechanical	 research	will	allow	researchers	 to	evaluate	muscle	 forces	
and	 joint	 contact	 forces.	 This	 provides	 a	direct	 evaluation	of	 joint	 loading	 and	will	
contribute	to	an	improved	understanding	of	normal	and	pathological	gait	17.	
	
The	 lack	of	breed-specific	biomechanical	data	 is	an	 important	aspect	that	currently	
holds	 back	 the	 use	 of	 advanced	 biomechanical	 modelling	 techniques	 in	 canine	
biomechanical	research.	Breed-specific	biomechanical	data	should	 include	different	
normal	and	abnormal	gaits,	and	the	boundaries	that	exist	within	different	breeds	17.	
Breed-related	 differences	 have	 been	 described	 in	 veterinary	 literature,	 and	 show	
major	differences	 in	parameters	such	as	 joint	kinematics,	 joint	moments,	and	 joint	
power	10,22.	Although	in	human	medicine	gait	parameters	are	variable	and	change	in	
pathological	 circumstances,	general	 comparisons	of	normal	and	affected	 joints	 can	
more	 readily	 be	 made	 because	 of	 the	 existence	 of	 large	 databases	 describing	 a	
variety	 of	 biomechanical	 parameters.	 However	 something	 similar	 in	 canine	
biomechanics	 does	 not	 exist.	 Therefore	 it	 is	 necessary	 to	 invest	 in	 breed-specific	
morphologic	 and	 biomechanical	 data,	 allowing	 canine	 biomechanical	 research	 to	
become	the	valuable	 tool	 it	has	proven	 to	be	 in	human	medicine.	The	 reason	why	
breed-specific	data	is	necessary	can	be	understood	when	looking	at	the	differences	







The	 calculation	 of	 joint	 angles	 (inverse	 kinematics)	 and	 joint	 moments	 (inverse	
dynamics)	 (Chapter	 10)	 are	 based	 on	 experimental	 data	 from	 markers	 and	 force	
platforms,	 registering	 the	 movements	 of	 the	 different	 segments	 (hence,	 linked-
segment	model)	and	associated	ground	reaction	forces	(GRF’s).	In	combination	with	
a	detailed	musculoskeletal	model,	the	data	from	the	inverse	kinematics	and	inverse	






differ	 because	 of	 differences	 in	 the	 definition	 of	 the	 neutral,	 or	 0	 degrees,	 joint	





the	peak	hip	 contact	 force	 is	 around	2.1	 -	 2.8	 times	BW	during	normal	walking	 26.		
However,	 in	humans	 two	distinct	peaks	 can	be	 seen	 27,	which	were	not	present	 in	
the	Labrador	Retrievers.		
The	stifle	joint	contact	force	of	Labrador	Retrievers	also	shows	a	single	peak	around	
mid-stance	of	around	4	 -	5	 times	BW.	 In	 contrast	 to	humans,	no	 second	peak	was	
seen	 in	 the	 stifle	 contact	 force	 curve,	 and	 the	magnitudes	 of	 the	 peaks	 at	 3	 to	 4	
times	 BW	 in	 humans	 27,28	 appear	 to	 be	 a	 bit	 lower	 compared	 to	 the	 Labrador	
Retrievers.	 The	 angle	 of	 the	 stifle	 joint	 during	 stance	 phase	 is	 angled	 more	 in	
comparison	 to	 humans.	 To	 stabilize	 the	 joint,	 co-contraction	 of	 stifle	 flexors	 and	
extensors	is	likely,	and	will	add	to	the	joint	contact	force.		
Further	down,	at	the	level	of	the	hock	joint,	the	joint	contact	force	peaks	at	2.5	-	3	













Finite	 element	 (FE)	 modeling	 allows	 the	 evaluation	 of	 the	 local	 stress	 and	 strain	
distribution	 at	 the	 level	 of	 the	 subchondral	 bone	 and	 cartilage	 and	 to	 relate	 the	
tissue-level	 response	 to	 the	 local	mechanical	environment	 it	 is	 subjected	 to	during	
locomotion	 (Chapter	 11).	 The	 application	 of	 FE	 models	 in	 canine	 biomechanical	
research	has	so	far	been	 limited	to	the	bone	end	 loads	of	the	canine	forelimb,	the	
evaluation	 of	 hip	 prostheses,	 and	 fracture	 management	 31-33.	 In	 equine	
biomechanical	research,	the	main	application	of	FE	models	has	been	 in	the	field	of	
(micro)fractures	 and	 hoof	 biomechanics	 and	 morphology	 34-37.	 Also	 in	 equine	
biomechanics,	 the	 important	 message	 is	 that	 the	 combination	 of	 in	 vivo	 data,	
combined	with	 computer	models,	 can	 greatly	 improve	our	 understanding	of	 form,	
function	and	pathology	35,36.		
	
The	 FE	 model	 of	 the	 tarsocrural	 joint	 presented	 in	 this	 work	 consists	 of	 bone	
geometry	 of	 the	 distal	 tibia,	 tarsal,	 and	 proximal	metatarsal	 bones,	 in	 addition	 to	
cartilage	 geometry	 of	 the	 distal	 tibia	 and	 proximal	 talus.	 The	 boundary	 conditions	
applied	to	a	finite	element	model	are	an	important	part	of	FE	model	design,	and	FE	
analysis	 is	 not	 possible	 without	 them	 38.	 The	 method	 of	 choice	 depends	 on	 the	
research	 question,	 and	 currently	 it	 is	 unknown	how	 exactly	 bones	 are	 loaded	 and	
constrained	 in	 vivo	 35.	 Therefore,	 assumptions	 have	 to	 be	 made	 regarding	 the	
loading	and	constraining	conditions.	The	definition	of	boundary	conditions	within	a	
finite	 element	 model,	 especially	 when	 looking	 at	 clinical	 applications,	 requires	
rigorous	sensitivity	analysis	35,38.	Future	development	of	the	FE	model	should	include	
sensitivity	 analysis	 on	 parameters	 such	 as	material	 properties,	 different	 kinematic	
boundary	conditions,	and	the	effect	of	load	application	on	the	FEA	results.	Kinematic	
boundary	 conditions	 are	 largely	 determined	 by	 joint	 shape	 and	 ligaments.	 The	
incorporation	 of	 ligaments	 will	 aid	 in	 the	 kinematic	 boundary	 conditions	 of	 the	
model,	 however,	 these	 are	 also	 subject	 to	 sensitivity	 analysis	 on	 their	 modeling	
parameters	 (material	 properties).	 Currently,	 no	 data	 exists	 in	 literature	 describing	







the	 joint	 contact	 force.	 The	 applied	 loads,	 or	 loading	 conditions,	 are	 modeled	 as	




not	 incorporated	 in	 the	 current	 model,	 but	 will	 provide	 a	 more	 realistic	 loading	
condition	of	the	tarsocrural	joint.		
	
Currently	 there	 are	 still	 some	 modeling	 issues	 mainly	 regarding	 the	 last	 point	
discussed	in	Chapter	10,	the	numerical	solution	of	the	FE	problem.	The	current	setup	























The	estimations	of	 joint	 contact	 forces	 reported	 in	 this	work	 are	based	on	 several	
model	 assumptions.	 It	 is	 important	 to	 realise	 that	 to	 some	 degree,	 a	 computer	
model	 will	 always	 be	 a	 simplification	 of	 reality.	 Although	 advances	 in	 human	
musculoskeletal	 research	 have	 reached	 a	 point	 that	 detailed	 muscle-tendon	
parameters	have	been	incorporated	including	temporal	changes	of	these	parameters	






such	 as	 the	 Hill-type	muscle	model,	 but	 this	 requires	 the	 incorporation	 of	muscle	
specific	parameters	such	as	optimal	fiber	length,	tendon	slack	length,	and	pennation	
angle.	 These	 parameters	 are	 currently	 not	 available	 in	 literature	 and	 could	 not	 be	





contact	 forces,	 which	 have	 been	 used	 to	 validate	 the	 results	 of	 hip	 biomechanics	
studies	 in	 a	 variety	 of	 experimental	 set-ups	 and	 different	 scientific	 aims	 40,41.	
Additionally,	EMG	data	can	also	be	used	in	model	validation,	to	compare	the	model-
based	predictions	of	muscle	or	muscle-group	activity	 to	the	measured	EMG	signals	
during	 gait.	 However,	 due	 to	 practical	 limitations,	 this	 was	 not	 included	 in	 the	














to	 be	 developed	 to	 allow	 comparison	 between	 different	 subjects	 and	 studies	 43.	






studies	 allows	 the	 incorporation	 of	 more	 detailed	 joint	 definitions	 based	 on	
experimental	 data,	 but	 this	 was	 beyond	 the	 scope	 of	 this	 work.	 The	 metatarsal-
phalangeal	and	interphalangeal	joints	were	locked,	mainly	because	it	is	very	difficult	
to	measure	the	motion	of	these	individual	segments	in	dogs,	encountering	practical	
limitations	 due	 to	 their	 size.	 In	 human	 biomechanical	 research,	 specific	 foot	
musculoskeletal	models	 incorporate	 different	 degrees	 of	 freedom	 at	 the	 subtalar,	
mid-tarsal,	 and	 tarsometatarsal	 joints	 44-46.	 Currently	 no	data	 is	 available	 in	 canine	
literature	on	subtalar	 foot	motion	during	gait,	as	data	collection	 is	 challenging	and	





the	 implementation	 of	 a	 homogenous	 cartilage	 thickness,	 although	 anatomical	
studies	have	shown	that	cartilage	thickness	shows	spatial	variation	47.	However,	the	
implemented	 cartilage	 thickness	 is	 consistent	 with	 reported	 values.	 How	 cartilage	





Although	 the	 assignment	 of	 material	 properties	 is	 one	 of	 the	 strengths	 of	 FE	




this	 work,	 two	 different	 ‘materials’	 were	 defined,	 as	 isotropic	 materials	 with	 one	
Young’s	modulus	and	Poisson’s	ratio,	i.e.	bone	and	cartilage.	The	material	properties	





The	differences	 in	 the	 current	 state-of-the-art	 in	 human	musculoskeletal	modeling	
versus	veterinary	musculoskeletal	modeling	 illustrate	 the	amount	of	 research	work	
that	 still	 has	 to	 be	 done	 in	 the	 field	 of	 veterinary	 biomechanical	 research.	Human	
musculoskeletal	 modeling	 has	 aided	 in	 improved	 understanding	 of	 numerous	
orthopaedic	 conditions,	 as	 well	 as	 neurologic	 conditions	 with	 major	 orthopaedic	
implications	such	as	cerebral	palsy	(CP)	41,49,50.	The	use	of	musculoskeletal	models	in	
veterinary	biomechanical	research	has	the	potential	to	make	major	contributions	to	
reseach	on	mechanisms	of	 joint	pathology	 in	cranial	cruciate	 ligament	 rupture,	hip	























beak	 evolution	 in	 Darwin’s	 finches	 54-56.	 To	 investigate	 the	 form-function	
relationship,	 FE	 modeling	 has	 proven	 to	 be	 an	 excellent	 tool	 38.	 In	 equine	
biomechanical	 research,	 several	 publications	 look	 at	 the	hoof	 and	 lower	 limb,	 and	
the	impact	of	joint	biomechanics	and	anatomy	on	mechanisms	of	injury	or	pathology	
34,35,37,57.	 Additionally,	 the	 results	 of	 FE	 analysis	 are	 used	 to	 improve	 training	
conditions	 for	 the	 equine	 athletes,	 very	 similar	 as	 has	 been	 done	 in	 humans.	
However,	the	use	of	FE	models	in	canine	biomechanical	research	is	still	in	its	infancy,	
and	much	more	research,	 including	detailed	sensitivity	analysis	of	parameters	such	




onset	 and	 early	 stages	 of	OC,	 and	may	 provide	 a	 definitive	 answer	 on	 the	 role	 of	




evaluated	 the	 development	 of	 cartilage	 canals	 in	 different	 joints,	 specifically	 in	
relation	 to	 OC	 6,14.	 Transection	 of	 cartilage	 canal	 vessels	 resulted	 in	 ischaemic	









for	 such	 screening	 protocols	 is	 extensive	 knowledge	 of	 normal,	 physiological	
parameters	 affecting	 subchondral	 bone	 density	 and	 changes	 associated	 with	





similar	 causes	 and	 results	 in	 similar	 signs	 and	 symptoms	 as	OA	 in	 humans	 58.	 The	
canine	 anterior	 cruciate	 ligament	 transsection	 (ACLT)	 –	 meniscectomy	 model	 is	
widely	used	as	an	animal	model	to	study	the	pathophysiology	of	human	OA	59,60.	The	
main	focus	of	these	studies	is	on	subchondral	bone	pathology	in	the	early	stages	of	
OA	 58.	 Some	 studies	 suggest	 that	 subchondral	 bone	 changes	 may	 even	 precede	
cartilage	 changes	 in	 the	 early	 stages	 of	 OA	 61.	 Subchondral	 bone	 evaluation	 is	
commonly	 done	 using	 histology,	 implying	 that	 experimental	 animals	 need	 to	 be	














explain	 the	 predilection	 sites	 of	 tarsocrural	 osteochondrosis.	 The	 areas	 of	 high	
subchondral	 bone	 density	 are	 at	 the	 exact	 location	 where	 medial	 trochlear	 ridge	
lesions	are	found.	However,	not	all	dogs	will	develop	osteochondrosis,	even	though	
the	 joint	 loading	 conditions,	 evaluated	 by	means	 of	 CTOAM,	 appear	 to	 be	 similar	
within	dogs	of	 the	 same	breed.	 In	 this	perspective	 it	 is	 important	 to	note	 that	 the	
focal	 area	 of	 avascular	 necrosis	 leading	 to	 a	 disruption	 of	 enchondral	 ossification	
(osteochondrosis	 manifesta)	 can	 heal	 spontaneously	 11.	 Although	 this	 has	 not	 yet	
been	described	in	literature	on	canine	osteochondrosis,	it	is	reported	in	horses,	pigs,	
and	humans	62-64.		
High,	 local	 joint	 loading	 can	 play	 a	 role	 in	 the	 development	 of	 OC	 lesions	 in	 two	
different	ways.	Firstly	it	can	be	the	cause	of	damage	to	the	cartilage	canals,	usually	
at	 the	 level	 they	 cross	 the	enchondral	ossification	 front.	 Secondly	 it	 can	 cause	 the	
progression	 of	 osteochondrosis	 manifesta	 lesions	 to	 osteochondrosis	 dissecans	
lesions,	 i.e.	 the	 rupture	 of	 the	 overlying	 cartilage	 and	 the	 formation	 of	 a	 cartilage	
flap.	Based	on	the	density	distribution,	is	seems	that	MTRT-OC	and	LTRT-OC	are	two	
different	 conditions.	 However,	 the	 exact	 mechanism	 how	 these	 lesions	 occur	
remains	subject	to	further	research.	
	
Through	 a	 combination	 of	 experimental	 data,	 such	 as	 subchondral	 bone	 density	
distribution,	 and	 advanced	 biomechanical	 modeling	 techniques,	 such	 as	
musculoskeletal	modeling	 and	 finite	 element	modeling,	 our	 knowledge	 on	 normal	
and	pathological	gait	and	joint	loading	can	be	improved.	It	allows	the	evaluation	of	
parameters	 that	 cannot	be	measured	non-invasively	 in	 vivo,	 such	as	muscle	 forces	
and	 joint	 contact	 forces	 65-69,	 although	 thorough	 validation	 studies	 are	 necessary	
before	the	results	can	be	applied	clinically.	When	practical	and	technical	difficulties	
are	overcome,	finite	element	analysis	can	provide	important	new	insights	in	the	local	
effect	 of	 joint	 loading	 on	 different	 articular	 structures.	 This	 will	 not	 only	 help	 to	
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variety	 of	 other	 canine	 orthopaedic	 conditions,	 such	 as	 cranial	 cruciate	 ligament	







musculoskeletal	models	and	FE	models,	 can	play	a	 role	 in	 translational	 research	 in	
human	 OA	 using	 canine	 experimental	 models.	 The	 data	 collected	 in	 this	 work	 on	
normal	and	physiological	changes	of	subchondral	bone	density	play	a	key	role	in	the	
application	 of	 CTOAM	 in	 canine	 experimental	 OA	 models.	 This	 potential	 CTOAM	
application	 can	 not	 only	 reduce	 the	 amount	 of	 experimental	 animals,	 it	 can	 also	
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In	 Chapter	 1,	 a	 general	 introduction	 about	 bone	 and	 bone	 adaptation	 is	 given.	
Additionally,	 it	 is	 explained	 why	 subchondral	 bone	 density	 distribution	 is	 an	
interesting	parameter	to	study,	and	how	this	can	be	visualised	using	CTOAM.	
	
In	 Chapter	 2,	 a	 review	 of	 literature	 on	 canine	 osteochondrosis	 in	 general	 and	
tarsocrural	 osteochondrosis	 in	 specific	 was	 provided.	 In	 addition	 to	 a	 general	
background	 of	 tarsocrural	 OC,	 different	 diagnostic	 techniques,	 including	 clinical	
examination,	 radiography,	 CT,	 and	 arthroscopy	 are	 discussed.	 The	 diagnosis	 of	
tarsocrural	 OC	 is	 complicated	 due	 to	 superposition	 of	 bony	 structures	 on	
radiography,	 and	 CT	 is	 often	 needed	 to	 obtain	 a	 definitive	 diagnosis.	 Different	
treatment	 options	 are	 available,	 with	 the	 arthroscopic	 removal	 of	 the	 fragment	






between	MTRT-OC	 and	 LTRT-OC.	 Clinical	 parameters	 included	 breed,	 age,	 gender,	




duration	 of	 clinical	 signs	 before	 presentation	 compared	 to	 dogs	 with	 MTRT-OC.	




which	 micro-damage	 plays	 in	 important	 role,	 and	 the	 latter	 being	 traumatic,	
transchondral	fractures,	similar	to	those	seen	in	humans.	
	
To	 explore	 the	 role	 of	 biomechanical	 loading	 in	 the	 development	 of	OC	 lesions,	 a	
combination	 of	 non-invasive	 in	 vivo	 evaluation	 of	 subchondral	 bone	 density	
distribution	 is	 combined	with	 advanced	 biomechanical	modeling	 techniques,	more	








density	 distribution	 of	 the	 talus	 in	 healthy	 Labrador	 Retrievers	 was	 evaluated	
(Chapter	5)	as	a	parameter	reflecting	the	 long-term	joint	 loading	 in	the	tarsocrural	
joint.	 This	 resulted	 in	 a	 non-homogenous	 density	 distribution	 with	 two	 density	
maxima,	 one	 on	 the	 proximal	 aspect	 of	 the	medial	 trochlear	 ridge,	 and	 one	more	






The	 location	 of	 the	 density	 maximum	 on	 the	 medial	 trochlear	 ridge	 is	 the	 same	
location	where	MTRT-OC	 lesions	are	 found,	 supporting	previous	studies	suggesting	







To	 investigate	 the	 material	 properties	 of	 the	 subchondral	 bone	 plate,	 the	
subchondral	bone	density	was	correlated	with	the	strength	of	the	subchondral	bone	
plate	determined	by	 indentation	 testing	 (Chapter	 6).	High	correlations	were	 found	
between	the	density	values	and	the	measured	mechanical	strength	with	a	mean	r2	of	
0.89.	 This	 shows	 that	 CTOAM	 in	 dogs	 can	 be	 used	 to	 evaluate	 the	 mechanical	
strength	 of	 the	 subchondral	 bone	 plate,	 and	 provides	 the	 opportunity	 to	 do	 so	 in	
longitudinal	studies.		
	
During	 growth,	 the	 supporting	 skeletal	 structures	mature	 and	 continually	 adapt	 to	
the	 loading	 conditions.	 The	 evaluation	 of	 age-dependent	 changes	 in	 subchondral	
bone	 density	 during	 skeletal	 maturation	 (Chapter	 7),	 shows	 a	 general	 increase	 in	
density	with	in	creasing	age.	This	is	expected	and	most	likely	an	adaptive	response	to	
increased	 bodyweight	 and	 physical	 activity.	 Interestingly,	 the	 subchondral	 bone	
density	distribution	was	very	similar	between	8	months	of	age	and	20	months	of	age,	
indicating	 that	 the	 joint	 loading	distribution	also	 remains	 very	 similar.	 So	although	
the	overall	density	increased,	the	density	distribution	was	preserved	over	time.	This	




pathology,	 and	 joint	 pathology	 itself	 is	 likely	 to	 change	 joint	 loading,	 several	 dogs	
with	 tarsocrural	 OC	were	 evaluated	 using	 CTOAM	 at	 the	 time	 of	 diagnosis	 and	 in	
some	cases	during	long-term	follow-up	(Chapter	8).	The	subchondral	lesions	show	a	
low	 density	 and	 are	 surrounded	 by	 a	 high-density	 ring.	 Density	 changes	 are	 not	




The	 subchondral	 bone	 density	 differences	 found	 between	 different	 dog	 breeds	
(Canis	 familiaris),	 and	 between	 other	 Canidae	 (Canis	 lupus	 and	 Canis	 aureus),	




especially	 obvious	 when	 comparing	 Labrador	 Retrievers	 and	 German	 Shepherds.	
Differences	 between	 domestic	 dogs	 and	 other	 Canidae	 were	 also	 seen,	 however,	
how	 these	differences	 relate	 to	diffences	 in	pelvic	 limb	 loading	 remains	 subject	 to	
further	research.	
Another	way	to	evaluate	joint	loading	is	the	use	of	musculoskeletal	modeling.	Using	
a	 breed-specific	musculoskeletal	model	 of	 the	 pelvis	 and	hind	 limbs	of	 a	 Labrador	
Retriever,	the	joint	kinematics,	kinetics,	muscle	forces,	and	joint	contact	forces	were	
evaluated	 (Chapter	 10).	 Geometry	 was	 derived	 from	 CT	 images,	 and	model	 input	
came	 from	 marker	 data	 combined	 with	 force-plate	 data,	 providing	 an	 integrated	
dataset.	Although	the	current	model	has	several	assumptions	and	limitations,	it	can	




11)	 provides	 the	opportunity	 to	 investigate	 the	 strains	 and	 stresses	 at	 the	 level	of	
the	 subchondral	 bone	 and	 articular	 cartilage.	 It	 enables	 us	 to	 evaluate	 the	 tissue	
response	 to	 the	 local	 mechanical	 environment	 and	 to	 link	 the	 results	 to	 joint	
pathology.	 Although	 thorough	 sensitivity	 analysis	 and	 validation	 studies	 are	
necessary	 before	 the	model	 can	be	 applied	 in	 a	 clinical	 setting,	 it	 holds	 promising	
results	and	definitely	deserves	a	place	in	the	field	of	canine	orthopaedic	research.		
	

























In	Hoofdstuk	 2	wordt	 een	 literatuur	 overzicht	 gegeven	 van	osteochondrose	 bij	 de	
hond	 in	het	algemeen,	en	meer	specifiek	ter	hoogte	van	het	tarsocrurale	gewricht.	
Naast	 een	 algemene	 achtergrond	 van	 tarsocrurale	 OC,	 komen	 verschillende	
diagnostische	 technieken,	 zoals	 klinisch	onderzoek,	 radiografie,	 CT	en	 arthroscopie	
aan	bod.	De	diagnose	 van	 tarsocrurale	OC	 is	moeilijk	 door	 de	 superpositie	 van	de	
verschillende	botten	op	radiografie,	en	CT	is	een	veel	gevallen	noodzakelijk	voor	een	
definitieve	 diagnose.	 Er	 zijn	 verschillende	 behandelingen,	 maar	 arthroscopische	
verwijdering	van	het	fragment	is	in	de	meeste	gevallen	de	beste	keus.	De	prognose	





Hoofdstuk	 3	 worden	 klinische	 en	 morfologische	 parameters	 vergeleken	 tussen	
mediale	 en	 laterale	 OC	 letsels.	 De	 klinische	 parameters	 zijn	 ras,	 leeftijd,	 geslacht,	
gewicht	en	duur	van	de	symptomen,	en	de	morfologische	parameters	zijn	grootte,	
locatie	 en	 aantal	 fragmenten,	 op	 basis	 van	 de	 CT	 beelden.	 De	 laterale	 letsels	 zijn	
groter	 en	 vertonen	 een	 grotere	 variatie	 in	 grootte	 in	 vergelijking	met	 de	mediale	
letsels.	 Daarnaast	 zijn	 honden	 met	 laterale	 letsels	 jonger	 en	 hebben	 ze	 in	 veel	
gevallen	minder	lang	symptomen	vooraleer	ze	worden	aangeboden	bij	de	dierenarts.	
Deze	 bevindingen	 zijn	 in	 lijn	 met	 bestaande	 hypotheses	 dat	 mediale	 en	 laterale	
letsels	 mogelijk	 een	 andere	 etiologie	 hebben,	 waarbij	 de	 mediale	 letsels	 echte	
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osteochondrose	 letsels	 zijn,	waarbij	micro-schade	een	belangrijke	 rol	 speelt,	 en	de	
laterale	letsels	eerder	traumatische,	transchondrale	fracturen,	zoals	bij	de	mens.		
	
Om	 de	 rol	 van	 biomechanische	 belasting	 in	 het	 ontstaan	 van	 OC	 letsels	 te	
onderzoeken,	 is	 er	 gebruik	 gemaakt	 van	 een	 combinatie	 van	 niet-invasief,	 in	 vivo	
onderzoek	 van	 de	 subchondrale	 bot	 densiteit	 in	 combinatie	 met	 geavanceerde	
biomechanische	 modelleringstechnieken,	 meer	 specifiek	 muskuloskeletale	
modellering,	 dynamische	 bewegingsanalyse	 en	 eindige	 elementen	modellering.	 De	
wetenschappelijke	 doelstellingen	 (Hoofdstuk	 4)	 werden	 geformuleerd	 rond	 de	




Er	 is	 een	 hoge	 correlatie	 van	 de	 densiteit	 van	 het	 subchondrale	 bot	 met	 de	
distributie	 van	 de	 gewrichtsbelasting	 en	 dit	 kan	 gebruikt	 worden	 om	 de	
gewrichtsbiomechanica	op	een	niet-invasieve	manier	te	bestuderen.	Om	te	beginnen	
werd	 de	 densiteitsdistributie	 van	 het	 subchondrale	 bot	 van	 de	 talus	 van	 gezonde	
Labrador	Retrievers	geëvalueerd	(Hoofdstuk	5).	Hieruit	bleek	dat	er	een	heterogene	
distributie	is	van	de	densiteit,	waarbij	er	twee	maxima	te	onderkennen	zijn,	een	op	
het	 proximale	 aspect	 van	 de	 mediale	 taluskam,	 en	 een	 op	 distale	 aspect	 van	 de	
laterale	 taluskam.	 Er	 werden	 geen	 verschillen	 gevonden	 tussen	 linker	 en	 rechter	
talus	en	de	distributie	van	de	densiteit	van	het	subchondral	bot	was	zeer	gelijkaardig	
tussen	honden	van	hetzelfde	ras.	De	 laterale	 taluskam	had	een	hogere	densiteit	 in	
vergelijking	 met	 de	 mediale	 taluskam,	 omdat	 de	 laterale	 taluskam	 hoger	 is,	 en	
waarschijnlijk	een	hogere	belasting	ondergaat	tijdens	beweging.		
	
De	 locatie	 van	 het	 densiteitsmaximum	 is	 dezelfde	 als	 waar	 de	 OC	 letsels	 op	 de	
mediale	 taluskam	 worden	 gevonden,	 hetgeen	 eerdere	 suggesties	 dat	 herhaalde	
micro-schade	 een	 belangrijke	 rol	 speelt	 in	 het	 ontstaan	 van	OC	 bevestigd.	 Daarbij	





De	 materiaaleigenschappen	 van	 de	 subchondrale	 beenplaat	 werden	 onderzocht	
door	 de	 densiteit	 van	 het	 subchondrale	 bot	 te	 correleren	 met	 de	 mechanische	
sterkte	van	het	subchondrale	bot,	door	middel	van	indentatie	testen	(Hoofdstuk	6).	






Tijdens	de	groei	ontwikkelt	het	 skelet	 zich	 voortdurend	en	past	 zich	 continue	aan,	
aan	 de	 belasting.	 De	 leeftijdsafhankelijke	 verandering	 van	 de	 densiteit	 van	 het	
subchondral	 bot	 tijdens	 het	 opgroeien	 (Hoofdstuk	 7),	 is	 voornamelijk	 	 een	
toegenomen	densiteit	met	toenemende	leeftijd.	Dit	is	hetgeen	we	verwachten	en	is	
waarschijnlijk	 een	 aanpassing	 aan	 een	 hogen	 lichaamsgewicht	 en	 meer	 fysieke	
activiteit.	 Interessant	 is	dat	de	densiteitsdistributie	van	het	subchondral	bot	vrijwel	
gelijk	tussen	honden	van	8	tot	20	maanden.	Dit	toont	aan	dat	de	distributie	van	de	
gewrichtsbelasting	 waarschijnlijk	 erg	 gelijkaardig	 blijft.	 Dus	 hoewel	 de	 algemene	
densiteit	 toeneemt,	 blijft	 de	 densiteitsdistributie	 behouden.	 Dit	 geeft	 belangrijke	
informatie	 voor	 het	 evalueren	 van	 de	 densiteit	 van	 het	 subchondrale	 bot	 in	 het	
tarsocrurale	gewricht	van	Labrador	Retrievers.		
	
Omdat	 het	 subchondrale	 bot	 waarschijnlijk	 veranderingen	 ondergaat	 op	 vlak	 van	
densiteit	 bij	 honden	 met	 gewrichtspathologie,	 werden	 verschillende	 honden	 met	
tarsocrurale	OC	geëvalueerd	door	middel	van	CTOAM	op	het	moment	van	diagnose,	
en	 in	enkele	gevallen	ook	op	 langere	termijn	(Hoofdstuk	8).	De	 letsels	hebben	een	
lage	 densiteit	 en	 zijn	 omringd	 door	 een	 zone	 met	 hoge	 densiteit.	 De	
densiteitsveranderingen	 zijn	 niet	 beperkt	 tot	 het	 aangetaste	 lidmaat,	 het	
contralaterale	gewricht	toont	een	toename	in	de	densiteit	van	het	subchondrale	bot.	





De	 densiteit	 van	 het	 subchondrale	 bot	 van	 de	 talus	 verschilt	 tussen	 honden	 van	
verschillende	 rassen	 (Canis	 familiaris),	 en	 andere	 Canidae	 (Canis	 lupus	 en	 Canis	
aureus).	 Dit	 wijst	 op	 verschillen	 in	 gewrichtsbelasting	 van	 het	 enkelgewricht	
(Hoofdstuk	9).	Bij	de	hond	kunnen	de	verschillen	verklaard	worden	door	verschillen	
in	 conformatie.	 Deze	 zijn	 vooral	 uitgesproken	 wanneer	 de	 vergelijking	 wordt	
gemaakt	 tussen	 Labrador	 Retrievers	 en	 Duitse	 Herders.	 Er	 warden	 ook	 duidelijke	





van	 musculoskeletale	 modellering.	 Door	 middel	 van	 een	 ras-specifiek	
muskuloskeletaal	 model	 van	 het	 bekken	 en	 de	 achterpoten	 van	 een	 Labrador	
Retriever,	 werden	 de	 gewrichts-kinematica,	 -kinetica,	 spierkrachten	 en	
gewrichtscontactkrachten	 geëvalueerd	 (Hoofdstuk	 10).	 De	 geometrie	 is	 gebaseerd	
op	 CT	 beelden	 en	 de	 kinematische	 en	 kinetische	 input	 voor	 het	 model	 kwam	 uit	







en	 het	 overliggende	 kraakbeen	 geëvalueerd	 kunnen	 worden.	 Het	 geeft	 de	
mogelijkheid	om	te	kijken	naar	weefselrespons	op	basis	van	de	lokale	mechanica	en	








In	 hoofdstuk	 12	 wordt	 een	 algemene	 discussie	 gegeven.	 Hierbij	 worden	 de	
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Age-related	 changes	 in	 subchondral	 bone	 density	 in	 the	 talus	 of	 healthy	












Correlation	 of	 subchondral	 bone	 density	 and	 mechanical	 strength	 in	 the	
canine	talus.	Dingemanse	W.,	Müller-Gerbl	M.,	Jonkers	I.,	Vander	Sloten	J.,	van	Bree	









































naar	de	plaatjes	 te	 kijken,	 is	de	 tekst	die	nog	het	moeilijkst	 is	om	 te	 schrijven	van	







ben	 een	 van	 de	 gelukkigen	 geweest	 om	 een	 doctoraatsbeurs	 te	 behalen,	 dus	 via	
deze	weg	wilde	ik	het	IWT	nog	eens	expliciet	bedanken.	
	
Zoals	 iedereen	 kan	 zien,	 staan	 er	 vier	 promotoren	 op	 de	 kaft	 van	 dit	





Professor	 van	Bree,	 dat	uw	naam	niet	op	de	 voorkant	 van	het	boekje	 staat	 is	 een	
groot	 gemis.	U	heeft	 zonder	 twijfel	 een	 van	de	belangrijkste	 rollen	 gespeeld	 in	de	
ontwikkeling	van	dit	doctoraat	en	 ik	ben	u	enorm	dankbaar	voor	alle	kansen	die	u	





we	 rondom	 ons	 hebben	 verzameld,	 is	 van	 onschatbare	 waarde.	 Met	 de	 recente	
ontwikkelingen,	 en	 de	 samenwerkingen	 in	 de	 rest	 van	 Europa	 en	 de	 rest	 van	 de	
wereld,	zal	al	het	werk	zeker	niet	verloren	gaan.	Dat	is	een	van	de	waarden	die	we	







van	 dit	 boekje	 staat,	 siert	 u,	 maar	 ik	 wilde	 uw	 bijdrage	 zeker	 niet	 onopgemerkt	
voorbij	laten	gaan.		
	
Dan	mijn	 promotor,	 dr.	 Gielen.	 Beste	Dr.	 Gielen,	 beste	 Ingrid,	 hoeveel	 ik	 hier	 ook	
schrijf,	het	zal	nooit	genoeg	zijn	om	mijn	dankbaarheid	te	beschrijven	voor	alles	wat	
u	voor	mij	gedaan	heeft	de	afgelopen	jaren.	U	en	prof.	van	Bree	hebben	mij	de	kans	




dat	 het	 heeft	 verder	 gezet.	 Ik	 denk	 dat	 we	 enorm	 trots	 mogen	 zijn	 op	 het	
eindresultaat.	 Ik	weet	nog	dat	verschillende	mensen	ons	voor	gek	verklaarden	met	
de	 hoeveelheid	 werk	 dat	 we	 wilden	 verzetten,	 en	 ook	 al	 zijn	 we	 niet	 100%	 rond	
geraakt,	 we	 zijn	 toch	 gigantisch	 ver	 gekomen.	 Dream	 big,	 aim	 high!	 Ingrid,	 mijn	
vertrek	naar	Engeland	zal	zeker	niet	het	einde	betekenen	van	dit	onderzoek.	Er	 ligt	
nog	 zoveel	 in	 het	 verschiet…	 Ik	 ben	 er	 van	 overtuigd	 dat	 we	 nog	 vele	 mooie	
onderzoeken	 kunnen	 afronden,	 nieuwe	 kunnen	 starten,	 en	 hopelijk	 een	 nieuwe	
lichting	 doctoraatsstudenten	 hierbij	 kunnen	 betrekken.	 Duizend	 maal	 dank	 voor	
alles,	voor	alle	steun,	alle	adviezen	en	alle	opbeurende	woorden.		
	
Via	 via	 zijn	 we,	 prof.	 van	 Bree,	 dr.	 Gielen	 en	 ikzelf,	 dan	 in	 Leuven	 beland,	 bij	 de	
onderzoeksgroep	van	professor	Jonkers.	Beste	Ilse,	ik	weet	nog	goed	hoe	ik	vol	trots	
de	 eerste	 versie	 van	 mijn	 IWT	 beurs-aanvraag	 doorstuurde.	 Een	 gedetailleerde	
beschrijving	 van	 de	 probleemstelling,	 en	 alle	 onderdelen	 van	 het	
doctoraatsonderzoek	dat	ik	wilde	gaan	doen.	Nadat	ik	de	versie	terug	kreeg	met	de	









kunnen	 afmaken.	 Honden	 naar	 Leuven	 gebracht	 om	 in	 het	 bewegingslabo	 alle	
kinetische	en	kinematische	data	te	verzamelen	en	alvast	een	begin	gemaakt	met	het	
musculoskeletaal	model.	 Ik	 ben	 er	 van	 overtuigd	 dat	 al	 het	 werk	 dat	 we	 dat	 jaar	
gedaan	hebben	ervoor	gezorgd	heeft	dat	we	de	tweede	keer	wel	succesvol	waren	in	
de	aanvraag	van	een	beurs.	In	de	jaren	daarna	hadden	we	gelukkig	steeds	kleine	en	
grotere	mijlpalen…	Gewrichten	 in	het	musculoskeletaal	model,	 inverse	 kinematica,	
inverse	 dynamica,	 en	 in	 het	 laatste	 jaar	 ook	 de	 laatste	 stap	 naar	 de	 statische	
optimalisatie.		
Ondanks	 uw	 drukke	 schema	 stond	 u	 altijd	 klaar	 met	 raad	 en	 opbouwende	
commentaren.	 Uw	 ruime	 onderzoeksinteresse	 en	 de	 visie	 dat	 we	 de	 technieken	
vanuit	 humaan	 biomechanisch	 onderzoek	 konden	 overbrengen	 naar	 de	
diergeneeskunde,	 heeft	 een	 heel	 belangrijke	 rol	 gespeeld	 in	 het	 behalen	 van	 de	
doctoraatsbeurs	en	de	invulling	van	het	onderzoek.	Ilse,	enorm	bedankt	voor	alles!		
	
Profesorry	 Van	 Ryssen,	 Bernadette,	 bedankt	 voor	 de	 jarenlange	 samenwerking	 en	
interessante	 discussies.	 De	 samenwerking	 met	 de	 orthopedie	 was	 een	 essentieel	





Basel,	 and	 all	 the	 time	 spend	working	on	 the	CTOAM	 images	 and	 interpreting	 the	
results.	Your	guidance	and	experience	in	CTOAM	have	made	a	major	contribution	to	
the	results	that	we	can	present	here	today.	The	technique	you	have	developed	has	






Professor	 Vanwanseele,	 Benedicte,	 ook	 u	 wil	 ik	 bedanken	 voor	 alle	 tijd	 die	 u	
gestoken	heeft	 in	mijn	onderzoeksproject,	 en	uiteraard	dat	 van	Billy.	De	vele	uren	
die	 we	 tijdens	 de	 meetings	 in	 Leuven	 hebben	 samengezeten	 en	 verschillende	
spierparameters	hebben	bekeken,	functionele	implicaties	van	resultaten	die	we	niet	
altijd	 123	 konden	 verklaren.	 Dit	 leverde	 altijd	 boeiende	 en	 leerrijke	 discussies	 op.	
Samen	met	professor	Jonkers	en	professor	Vander	Sloten	maakt	u	deel	uit	van	het	




onderzoeksproject	 betrokken	 geweest	 en	 u	 was	 van	 onschatbare	 waarde.	 Zowel	
voor	 het	 uitschrijven	 van	 de	 project	 aanvraag	 als	 de	 daarop	 volgende	
proefverdediging	en	uiteraard	het	uiteindelijke	onderzoekswerk.	Uw	verhelderende	
inzichten	 rond	 gewrichtsbiomechanica	 hebben	 dit	werk	 tot	 een	 veel	 hoger	 niveau	
getild	dan	ik	had	kunnen	hopen.	Het	blijft	mij	keer	op	keer	verbazen	hoe	breed	uw	








Professor	 de	 Rooster,	 beste	 Hilde,	 u	 heeft	 uw	 taak	 als	 voorzitster	 van	 de	
examencommissie	 glansrijk	 volbracht.	 Ik	 wil	 u	 bedanken	 voor	 de	 jarenlange	 fijne	
samenwerking,	voor	het	vertrouwen	dat	u	altijd	in	mij	gesteld	hebt	en	voor	uw	hulp	
achter	 de	 schermen.	 Ik	 vind	 het	 jammer	 dat	 ik	 weg	 ga,	 maar	 ik	 kijk	 uit	 naar	 de	
nieuwe	uitdagingen	die	de	toekomst	brengt.		
	











exam	 committee	 is	 without	 a	 doubt	 professor	 Colborne.	 Dear	 professor,	 I	 am	
honoured	 that	 you	 are	 a	 member	 of	 my	 exam	 committee.	 Your	 publications	 on	
canine	biomechanics	are	one	of	my	main	 inspirations	 for	 this	 research	project	and	
your	 experience	 on	 biomechanical	 research	 and	 the	 applications	 in	 canine	 and	
equine	 orthopaedics	 is	 amazing.	 It	was	 a	 privilege	 to	 be	 part	 of	 a	 select	 group	 of	





Beste	 Evelien,	 bedankt	 voor	 je	 tijd	 en	 alle	 tekstuele	 verbeteringen	 die	 je	 hebt	
aangebracht.	 Ook	 bedankt	 voor	 de	 jarenlange	 samenwerking	 op	 de	 vakgroep,	 we	
zullen	elkaar	ongetwijfeld	nog	wel	eens	tegenkomen.		
	
En	 dan	 van	 kleine	 naar	 grote	 huisdieren.	 Dr.	 Oosterlinck,	 beste	Maarten,	met	 uw	
inzichten	 en	 ervaring	 met	 bewegingsonderzoek	 bij	 paarden	 was	 u	 een	 perfecte	
kandidaat	 om	 in	 mijn	 examencommissie	 te	 zetelen.	 Merci	 voor	 uw	 tijd	 en	
opbouwende	 commentaren.	 Het	 doet	 goed	 om	 te	 weten	 dat	 het	 werk	 van	 de	
afgelopen	jaren	gewaardeerd	wordt,	hartelijk	dank	daarvoor.		
	
Uiteraard	was	het	 luik	 van	de	musculoskeletale	modellering	niet	mogelijk	 geweest	
zonder	 de	 hulp	 van	 verschillende	mensen	 van	 de	 KUL.	 De	 eerste	 stappen	 zette	 ik	
onder	het	toeziend	oog	van	Lode	en	Mariska.	Lode,	bedankt	voor	alle	tijd	die	je	in	dit	









Maarten,	ook	 jou	wil	 ik	bedanken	voor	 je	al	de	tijd	die	 je	gestoken	hebt	om	mij	 te	
trachten	wegwijs	te	maken	in	Matlab.	Ik	ben	geen	Matlab-superster	geworden,	maar	





rond	geraakt,	denk	 ik	dat	we	 trots	mogen	 zijn	op	wat	we	hebben	bereikt.	De	vele	
uren	die	je	hebt	gestoken	in	brainstormen	over	de	best	mogelijke	aanpak	heb	ik	zeer	
gewaardeerd.	 Ik	 wens	 je	 een	 gelukkige	 toekomst	 toe	 samen	met	 Lianne	 en	 jullie	
kleine	spruit.		
	
Een	 welgemeende	 merci	 aan	 alle	 andere	 mensen	 van	 Leuven	 die	 rechtstreeks	 of	
onrechtstreeks	 geholpen	 hebben	 met	 dit	 doctoraat.	 Sam	 en	 Hannelore,	 bedankt	




Zonder	 bewegingsdata	 geen	 inverse	 kinematica	 of	 inverse	 dynamica,	 daarom	 een	
dikke	 merci	 aan	 de	 mensen	 van	 Hachico,	 in	 het	 bijzonder	 Elke	 en	 Annelies,	 om	




tot	 in	 dit	 doctoraatsboekje	 zijn	 geraakt,	 wil	 ik	 hiervoor	 toch	 een	 aantal	 mensen	
speciaal	 voor	 bedanken.	 In	 de	 eerste	 plaats	 alle	 eigenaren	 die	 zich	 hebben	




kinetische	 data	 om	 verder	mee	 te	werken.	 Jullie	 inzet	 is	 van	 onschatbare	waarde	
voor	 het	 toekomstige	 werk	 rond	 rasverschillen	 op	 vlak	 van	 beweging	 en	
gewrichtsbelasting.		
	














En	 dan	mijn	 ‘onderzoeks-collega’s’,	 Casper,	 Aqui	 en	 Billy.	 De	 doctoraatsstudenten	
van	de	medische	beeldvorming,	allemaal	met	een	eigen	weg	en	een	eigen	verhaal.		
	
Casper,	we	kennen	elkaar	al	 lang	en	onze	Hollandsche	 roots	 zitten	er	ongetwijfeld	
voor	iets	tussen	dat	we	altijd	goed	overeen	zijn	gekomen.	Het	is	spijtig	dat	je	niet	de	
kansen	hebt	gekregen	die	 je	verdiende,	maar	 ik	denk	dat	 je	nu	op	een	mooie	plek	
terecht	 bent	 gekomen	 en	 ik	 hoop	 dat	 je	 toekomstplannen	 zoals	 ze	 er	 nu	 liggen	
werkelijkheid	 worden.	 Bedankt	 voor	 alle	 discussies,	 op	 wetenschappelijk	 en	 privé	
vlak,	het	waren	mooie	tijden	als	bureaugenoten.	We	houden	contact	en	kijk	uit	naar	
de	 volgende	 ‘case’	 die	 we	 samen	 bespreken	 en	 de	 ideeën	 die	 we	 heen	 en	 weer	
sturen.		
	













zijn	 dat	 in	 de	 toekomst	 zal	 gebeuren.	 Nog	 veel	 succes	 met	 het	 afronden	 van	 je	
doctoraat,	en	ik	kijk	uit	naar	je	verdediging!		
	




waardeer	 je	 interesse	 in	wat	 ik	 doe	 en	waar	 ik	mij	mee	 bezig	 hou,	 ook	 nu	 ik	 niet	
meer	veel	op	de	faculteit	te	vinden	ben.	We	zullen	elkaar	nog	wel	eens	tegenkomen	
in	 de	 toekomst.	 Voor	 nu,	 het	 allerbeste	 en	 veel	 succes	met	 alle	 uitdagingen	 in	 de	
kliniek	en	daarbuiten.		





Emmelie,	 nu	 je	 doctoraat	 achter	 de	 rug	 is,	 heb	 je	weer	wat	 ademruimte.	 Bedankt	












Alle	 andere	 collega’s	 van	 de	 vakgroep,	 Yves,	 Stijn,	 Eva,	 Evelien,	 Elke,	 Els,	 Katrien,	








Professor	 Simoens,	 bedankt	 voor	 alle	 interessante	 discussie	 doorheen	 de	 jaren	 en	
voor	het	ter	beschikking	stellen	van	de	snijzaal	voor	al	het	dissectie	werk	dat	gedaan	
moest	 worden.	 Uw	 hulp	 met	 het	 prepareren	 van	 de	 ontkalkte	 tali,	 om	 zo	 een	





CT-MRI	 unit	 zal	 ik	mij	 altijd	 herinneren.	Doorheen	 de	 jaren	 is	mijn	 interesse	 in	 de	















Professor	 Janssens,	 beste	Geert,	 hartelijk	 dank	 voor	 de	 samenwerking	op	 vlak	 van	
botdensiteit	 en	 allerhande	 biochemische	 bepalingen.	 De	 resultaten	 hiervan	 zullen	
zeker	nog	herwerkt	worden	tot	een	publicatie,	want	het	 is	 te	mooi	om	verloren	te	




namen	 noemen	 uit	 schrik	 iemand	 over	 te	 slaan,	 maar	 ik	 heb	 met	 plezier	 met	
iedereen	samengewerkt	en	nieuwe	dingen	geleerd.	Bedankt	aan	iedereen!		
	





Hilde	 de	 Cock,	 bedankt	 voor	 alle	 pathologische	 rapporten	 en	 verhelderende	
inzichten.		
	












Chenzi	 een	 prachtige	 toekomst!	 En	 we	 zullen	 er	 zeker	 proberen	 bij	 te	 zijn	 in	
september!		
	
Elise,	 ik	 ben	 blij	 dat	 je	 er	 vandaag	 ook	 bij	 bent.	 We	 hebben	 zoveel	 meegemaakt	
samen,	leuke	en	minder	leuke	dingen,	maar	dat	maakt	onze	vriendschap	alleen	maar	















Dave,	 thank	 you	 for	 all	 your	 training	 advice,	 and	 the	 hours	 of	 training	 videos	 you	
have	reviewed	over	the	last	years.	The	training	camps	with	you	and	Dan	are	always	
amazing,	and	we	have	learned	so	much!		
En	 aan	 iedereen	 die	 ik	 via	 de	 agility	 heb	 leren	 kennen,	 merci	 voor	 de	 geweldige	
jaren!	 Als	we	 nog	 eens	 terug	 in	 België	 zijn	 en	 hier	 een	wedstrijd	 lopen,	 zullen	we	
elkaar	ongetwijfeld	nog	eens	tegenkomen.		
	























gebracht	 heeft.	 De	 vele	 barbecues,	 vakanties	 die	 ingepland	 worden	 rond	 agility	
wedstrijden,	 en	 de	 vele	 ovenschotels	 en	 lasagnes	 hebben	de	 afgelopen	 jaren	 heel	
wat	draaglijker	gemaakt.		
	
Mousti,	 Xanthy	 en	 Noa,	 bedankt	 om	 mij	 met	 andere	 ogen	 naar	 honden	 te	 doen	
















dat	 we	 samen	 onze	 agility	 passie	 delen,	 maakt	 ons	 alleen	 maar	 sterker.	 Je	 hebt	
Dobby	 opgeleerd	 tot	 een	 geweldig	 hondje	 en	 ik	 ben	 ongelooflijk	 trots	 op	 wat	 je	
allemaal	bereikt	hebt!		
Ik	 kijk	 er	 naar	 uit	 om	 ons	 leven	 samen	 verder	 te	 zetten	 in	 Engeland.	 Een	 groot	















WHAT WOULD YOU DO IF YOU WEREN’T AFRAID? 
	
	
 
